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Kurzzusammenfassung 
Die besonderen temperaturesensitiven Eigenschaften von Materialien die auf 
Poly(N-isopropylacrylamid) (PNIPAM) basieren sind anhaltend von wissenschaftlichem 
Interesse. Das Polymer besitzt eine untere kritische Lösungstemperatur von 32 °C. Weitere 
Sensitivitäten (z.B. in Bezug auf pH oder Ionenstärke) können durch die Wahl geeigneter Co-
Monomere in der Synthese eingeführt werden. Aufgrund dieser Schaltbarkeit eröffnet sich ein 
weites Feld an möglichen Anwendungen. Insbesondere die Herstellung photonischer Kristalle,  
Sensoren, Reinigungs- und Trennmedien, oder Wirkstofftransport sind Gebiete intensiver 
Forschung. Dabei ist es von entscheidender Bedeutung den Zusammenhang zwischen der 
Partikelstruktur und dem Verhalten in der entsprechenden Anwendung zu verstehen, um 
Partikel maßschneidern zu können, die die Anforderungen der einzelnen Anwendung erfüllen. 
In dieser Arbeit wurden verschiedene auf PNIPAM basierende Partikel hergestellt und in Bezug 
auf ihre Struktur und Eigenschaften hin untersucht. Dabei kamen hauptsächlich statische und 
dynamische Streumethoden, ergänzt durch Elektronen und Fluoreszenzmikroskopie, zum 
Einsatz.  
Hohle PNIPAM Mikrogele sind interessant für den Einsatz als Wirkstofftransport- und 
Freisetzungsmedium. Die Idee besteht darin, dass ein Wirkstoff in verhältnismäßig großen 
Mengen im Hohlraum gespeichert und durch die Polymerschale vor äußeren Einflüssen 
geschützt werden kann. Die Ladekapazität und Freisetzungsmechanismen müssen dabei von 
der Größe des Hohlraums, der Maschenweite und Dichte des Polymernetzwerkes abhängen. 
In dieser Arbeit wurden hohle Mikrogele aus Kern-Schale Partikeln hergestellt. Eine 
detaillierte Studie mit Hilfe von Neutronenstreuung und Kontrastvariation führte zu einer 
quantitativen Beschreibung der Hohlraumgröße und der Polymerdichte in der Schale. Es wird 
gezeigt, dass der Hohlraum deutlich kleiner ist als der ursprüngliche Kern des Partikels. Des 
Weiteren wurden die Einflüsse der Reaktionsparameter Schalendicke und Vernetzungsgrad 
der Schale untersucht. Anschließend wurde die Syntheseroute auf eine zweite, ebenfalls 
temperatursensitive Schale ausgeweitet, die eine Übergangstemperatur von 42 °C hat. 
Wiederum wurden Hohlkugeln aus den Kern-Doppelschale Partikeln hergestellt. Eine DLS 
Studie zeigt das besondere Quellverhalten dieser Partikel, dass durch die Quellung der inneren 
und äußeren Schale sowie durch die Einschränkung des Silikakerns bestimmt wird. Wird der 
Kern herausgelöst, hat die Schale im Vergleich zum ursprünglich Kern enthaltendem System 
eine höhere Kapazität zu quellen. Kern Schale Partikel mit einem Polystyrol Kern zeigen im 
Gegensatz dazu ein anderes Verhalten wenn der Kern herausgelöst wird. Die Schale scheint 
während des Auflösens zu zerfallen. Allerdings zeigen die Polystyrol-Kern PNIPAM-Schale 
Partikel mit deuteriertem Kern in der Kontrastvariation eindeutig eine Kern-Schale Struktur.  
Diese Arbeit zeigt ebenfalls nützliche Anwendungen von fluoreszenzmarkierten Partikeln auf. 
Markierte Silika-Partikel werden wurden hergestellt um die Leistung von 
Mikrofluidiktechniken zu verbessern, die für die Synthese großer PNIPAM Partikel eingesetzt 
werden. Fluoreszenzmarkierte PNIPAM Mikrogele wurden für Anwendungen in 
Untersuchungen mit dem Fluoreszenzlasermikroskop maßgeschneidert. 
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Abstract  
The unique properties of thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) based 
materials are of ongoing scientific interest. The polymer has a lower critical solution 
temperature at 32 °C. Further sensitivities to e.g. pH or ionic strength can be introduced by 
applying appropriate co-monomers in the synthesis. Due to the polymers stimuli 
responsiveness the range of possible applications is immense. Particularly, the fabrication of 
photonic crystals, sensing applications, separation and purification mechanisms and drug 
delivery are intense fields of research. However, it is essential to understand the relationship 
between the structure of a particle and its behaviour for distinct applications to be able to 
tailor particles that meet all requirements. In the present work varying PNIPAM based 
particles have been tailored and analysed with respect to their structure and properties.  
Mostly static and dynamic scattering methods have been applied, complemented by electron 
and fluorescence microscopy techniques. 
Hollow PNIPAM microgels are potentially interesting materials for delivery and storage 
applications. They have a permeable shell and can thus be filled with a high amount of smaller 
guest material. The main idea is that cargo can be stored in rather high amounts in the particle 
void and is protected from the environment by the polymer shell. The loading capacity and 
release mechanisms have to depend however, on the void size, polymer density and mesh size 
of the shell. In this work hollow microgel particles prepared from a core-shell particle system 
are presented. A detailed small angle neutron scattering study reveals a quantitative 
description of void sizes and polymer densities in the shell of the hollow particles. It was shown 
that the void sizes are tremendously diminished compared to the original inorganic template 
size. Furthermore, the dependence of the particle properties are investigated in dependence 
of the reaction parameters shell thickness and cross-linker density of the shell. Furthermore, 
the synthesis approach was extended to a second shell that also exhibits a temperature 
responsiveness, with a higher transition temperature of 42 °C. Again hollow polymer particles 
were prepared from these core double-shell particles. A dynamic light scattering study reveals 
the unique swelling properties of the system that is determined by the inner and outer shell 
swelling and the restriction of the silica core. When the core is dissolved the particle shell has 
a higher swelling capacity compared to the initial core-containing system. Core-shell particles 
with an organic polystyrene core show a different behaviour after the core is dissolved. The 
shell seems to rupture during the dissolution process. However, when the parent core-shell 
particles with deuterated polystyrene core were investigated in a contrast variation study the 
core-shell structure of the particles is revealed unambiguously. 
The work also shows a useful application of fluorescently modified particles. Labelled silica 
spheres are tailored to improve the performance of microfluidic devices for the preparation 
of PNIPAM beads, and fluorescently labelled PNIPAM microgels can be tailored for specific 
investigations with confocal fluorescent laser microscopy. 
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1. General Introduction 
Microgels are spherical, cross-linked polymer networks in the nanometre to micrometre size 
range which swell in a suitable solvent.[1] They have an outstanding position in colloid science 
due to their variety of potential applications[2-4] in e.g. controlled drug delivery systems[5-9] as 
separation media[10-11] and as environmental probes[12]. They combine the properties of 
macroscopic hydrogels and classical nanoparticles and are often referred to as a model system 
for colloid science.[13-14] 
Microgels exhibit thermoresponsive behaviour in water when N-Isopropylacrylamide (NIPAM) 
is used as the main monomer in the particle synthesis.[15] The particle size decreases drastically 
when the volume phase transition temperature (VPTT) of 32 °C is exceeded and water is 
expelled from the polymer network. Figure 1 shows a representative relation between the 
hydrodynamic radius and the temperature for a conventional poly(N-Isopropylacrylamide) 
(PNIPAM) microgel determined with dynamic light scattering (DLS).  
 
Figure 1: Typical dependence of the hydrodynamic radius (Rh) of a PNIPAM microgel on the temperature. 
The closed symbols represent the heating and the open symbols the cooling cycle. The particle size 
decreases drastically around the VPTT of 32 °C.  
When the temperature approaches the transition temperature of 32 °C the polymer gets 
insoluble in water which leads to a collapse of the chain network and can be detected as a 
strongly decreasing hydrodynamic radius as shown by means of DLS. But also different 
spectroscopic methods like turbidity measurements[16] nuclear magnetic resonance 
spectroscopy (NMR)[17-18] and infrared spectroscopy (IR)[19] have been applied to attain a 
fundamental understanding of the behaviour of microgels.  
The unique thermoresponsive properties of PNIPAM are manifested in an ongoing scientific 
interest since the first PNIPAM microgel was synthesized in 1987 by Pelton et al.[20] Ever since 
a variety of derivatives from the classical homopolymer particles consisting of the monomer 
NIPAM and the cross-linker N,N´-methylenbisacrylamide (BIS) have been developed. Some of 
these structures will be discussed in more detail in chapter 1.1 and 1.2. 
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One important question in colloid science addresses the stability of a suspension or emulsion. 
Two main stabilization mechanisms are known: steric stabilization and electrostatic 
stabilization.[21] The combination of the two mechanisms is also possible and known as 
electrosteric stabilization. Below the VPTT PNIPAM microgels are electrosterically stabilized 
by the polymer chains on the particle surface on the one hand and the surface charges on the 
other hand. Even at high salt concentrations when the electrostatic interactions are negligible 
the dispersion stays stable due to the steric stabilization mechanism. The situation changes 
when the temperature is elevated above the VPTT and the particles shrink. In this case the 
charges on the particle surface are responsible for the fact that the colloids do not flocculate.  
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1.1. Microgel Synthesis and Structure 
Microgels can be synthesized on various ways. The more extraordinary ways are anionic 
copolymerization[22] cross-linking of preformed polymer chains[23-24] and inverse emulsion 
polymerization[25]. However, the most common approach to synthesize PNIPAM based 
microgels is precipitation polymerization with or without the addition of surfactant.[26] This 
synthesis route yields in stable microgel dispersions with a particle polydispersities of typically 
around 10 %.  
The general synthesis procedure is the following: The monomer NIPAM and the cross-linker 
N,N´-methylenbisacrylamide (BIS) are dissolved in water and heated above the VPTT, usually 
temperatures ranging between 60 °C and 70 °C. The addition of a thermally decomposing 
persulfate initiator (e.g. potassium persulfate (KPS)) starts the reaction. The compounds used 
in the synthesis are schematically shown in Figure 2. 
(a) 
 
(b) (c) 
Figure 2: The monomer NIPAM (a), the cross-linker BIS (b) and the initiator KPS (c) are the components 
employed in a PNIPAM microgel synthesis. 
The charged initiator fragments are covalently attached to the microgel network. The resulting 
electrostatic stabilisation prevents the particles from aggregation during the synthesis at 
temperatures above the VPTT when the steric stabilization from the fuzzy polymer surface is 
no longer existent. During the proceeding reaction the water soluble NIPAM monomer forms 
polymer chains that become insoluble above the VPTT. These polymer chains are cross-linked 
via the copolymerized BIS molecules. The faster reaction kinetics of BIS[27] leads to a depletion 
of BIS monomer in the reaction mixture over time. As a result the cross-linker and thus the 
polymer density is inhomogeneously distributed over the particle volume. SANS experiments 
of Stieger et al. revealed the structure of PNIPAM microgels and the structural changes at 
elevated temperatures.[28] On the basis of these scattering experiments they developed a form 
factor model that describes the inhomogeneous polymer distribution of PNIPAM microgels 
(Figure 3).[28] 
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Figure 3: Microgel structure model developed by Stieger et al.: The polymer density decays from the core 
to the particle surface. This leads to an architecture that can be described as dense core and a fuzzy 
corona.[28]  
The model bases on a conventional form factor model for hard spheres (compare chapter 
3.4.3) and was extended by a term that describes scattering from a polymer layer with a 
volume fraction that decays from the particle centre to the surface of the particles in a 
Gaussian manner. Additionally, the size polydispersity of the particles was taken into account 
via a Gaussian distribution function around the radius. Scattering contributions arising from 
fluctuations in the polymer network are described via a Lorentzian function. The complete 
model expression that was developed describes the experimental SANS data very well 
because it takes both the overall spherical structure and the internal gradient of the polymer 
density into account.[28]  
The distinct characteristics of microgels like size, softness and surface charge can be tuned by 
a variety of parameters during the synthesis.[29] The final particle size for example is depending 
on the monomer concentration, the applied amount of surfactant (usually sodium dodecyl 
sulphate (SDS)), the reaction temperature and the amount of initiator.[26, 29-31] This small 
example reveals that the reaction system that might appear rather simple at first sight has a 
complex dependency on a variety of parameters one has to take into account to tailor the 
desired particles.  
The addition of a third monomer type further increases the complexity of the reaction system 
but also allows to add and tune additional properties. The volume phase transition 
temperature can be shifted to both lower and higher temperatures by choosing an 
appropriate comonomer for the synthesis.[32] Charged comonomers introduce a dependency 
of the particle properties on pH and salinity.[32] 
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The first negatively charged copolymer microgels were realized in the 90s by Snowden et 
al..[33] Acrylic acid (AAc) was copolymerized with NIPAM to introduce pH sensitivity to the 
microgel network. The volume phase transition temperature (VPTT) is shifted to higher 
temperatures whereat the degree of deviation from the 32 °C for pure PNIPAM is tuneable by 
the amount of comonomer that is applied in the microgel synthesis. Besides AAc also 
methacrylic acid (MAA) is commonly used as negatively charged pH sensitive comonomer[34-
36]. However, not only anionic but also cationic[37-39] and neutral monomers[40-42] are useful to 
tune microgel characteristics in a desired way. Recently also polyampholytic microgels have 
been realized.[43] For a good overview of thermoresponsive copolymer microgels compare 
Hellweg et al..[32]  
Besides the choice of the suitable monomers also the architecture of the particle has a distinct 
influence on the resulting particle characteristics. Particle structures like the so called dirty 
snowball[44] or core-and-corona[45] can be formed in situ arising from the reaction kinetics and 
chemical properties of the single monomers during the synthesis. The combination of 
inorganic nanoparticles and microgels leads to composite materials with unique optical[46-48], 
magnetic[49-50] and catalytical[51] properties.  
The combination of a spherical polymer gel network and the inorganic nanoparticles can also 
lead to different architectures. The smaller nanoparticles can be either located on the surface 
of the larger spheres or penetrate the polymer network which leads to a composite material 
where the metal nanoparticles are distributed over the polymer particle volume.[52]  
The most common combination of two materials is probably a core-shell structure which will 
be discussed in more detail in the following chapter 1.2.  
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1.2. Core-Shell Microgels 
The core-shell architecture allows to combine two different compounds in one particle but 
simultaneously keep them predominantly spatially separated. Nevertheless a certain area of 
interpenetration of both compounds is possible as shown by SANS.[41, 53] The most common 
approach to selectively combine the characteristics of two polymers in a core-shell like 
architecture is a two-step process, the so-called seed and feed method. In this approach an 
organic (e.g. polystyrene(PS)) or inorganic (e.g. silica) core is formed in a conventional way 
(emulsion polymerization[54] or sol-gel method[55]). In a second synthesis step the shell that 
consists of a different polymer type is added to the preformed cores. In the case of silica the 
surface of the core particles needs to be modified before the polymer shell can be affixed.[56] 
With this general approach a variety of organic and inorganic materials can be combined to 
achieve a broad field of smart colloids.[57-58]  
In this work PS-PNIPAM and silica-PNIPAM core-shell structures were analysed. Thus, the 
synthesis of these species will be discussed in the corresponding chapters in more detail. The 
development of hollow particles or capsules is possible on the basis of the core-shell 
structures when the core is dissolved after the synthesis.[59-60]  
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1.3. Hollow Sphere and Capsule Synthesis 
The variety of potential applications for hollow nanoparticles explains the ongoing scientific 
interest for this special type of colloids.[61-62] The structure consists of a solvent filled void 
surrounded by a shell of distinct thickness. This architecture allows the take up and release of 
a large number of guest molecules.[63-64] This makes capsules especially interesting for 
applications in drug delivery systems[65] catalysis[66] water purification or industrial 
applications.[62] When PNIPAM is used as capsule material the smart i.e. temperature sensitive 
behaviour of PNIPAM can be exploited. One can easily imagine a temperature controlled 
uptake and release behaviour of the capsule, whose porosity in the shell is tuned in situ.[63]  
A variety of synthesis methods for hollow particles and capsules has been proposed. 
Microfluidic techniques allow to fabricate monodisperse polymer capsules with varying sizes 
in the range of tenth of micrometres.[67] In this approach a water in oil emulsion is produced 
in a microfluidic channel. The water phase contains monomer and cross-linker, the oil phase 
contains a photo-initiator. The reaction is initiated under UV-irradiation at the oil water 
interface.[67] However, fundamental knowledge of the fabrication and use of microfluidic 
channels is required to benefit from this technique. Although the resulting size distribution of 
particles fabricated in microfluidic techniques is very narrow the choice of the aspired size is 
limited to several micrometres and smaller sizes cannot be realized.  
The layer by layer deposition technique is more adaptive concerning the size of the resulting 
hollow spheres. In this approach oppositely charged polyelectrolytes are alternately deposited 
on a colloidal template. The shell thickness is adjusted by the number of attached layers. 
Finally the core is removed to produce hollow spheres.[68-69] However, this approach is limited 
to charged layer material and the shell is only physically connected. Besides, the preparation 
requires several deposition and cleaning steps which makes the process time-consuming.  
Andrew Lyon et al. proposed a way to synthesize hollow thermoresponsive microgels that 
consist of PNIPAM. The principle of this synthesis route bases on the degradability of 
N,N’-1,2-(dihydroxyethylene)bisacrylamide (DHEA) as cross-linker. They constructed a core-
shell particle with a PNIPAM/DHEA core and a PNIPAM/BIS shell. Treatment of the core-shell 
particles with NaIO4 in water leads to a fragmentation of the core network by dissociation of 
the 1,2-glycol bonds in the cross-linker. The polymer network fragments are removed via 
centrifugation.  
The most common approach to fabricate hollow polymeric particles is the artificial template 
assisted synthesis route.[70-72] The general synthesis scheme for hollow particles is the 
following: A sacrificial core is synthesized that can be either organic or inorganic. It acts as the 
spherical template for the polymer shell that is added in a second synthesis step. Finally, after 
the shell synthesis and purification the core is dissolved by an appropriate solvent.  
Silica particles are used most often as inorganic templates. They can be easily synthesized in 
the well-known Stoeber process.[55] Although a wide range of sizes is accessible with this 
procedure only the rather small particles up to 170 nm can appropriately be covered with a 
polymer layer in a satisfying yield.[58] Before the polymeric shell can be attached to the silica 
template in the second step, the surface of the silica particles has to be modified with the 
linking agent methacryloxypropyltrimethoxysilane (MPS)[73]. In the final step the core is 
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dissolved whereat concentrated sodium hydroxide solution[74] and hydrofluoric acid (HF)[71] 
are reported as suitable reagents.  
For the organic templates polystyrene has been reported as appropriate template material.[60, 
72] The emulsion polymerization process to form polystyrene particles has been investigated 
in detail. Similar to silica particles the size of the resulting colloids can be easily tuned during 
the polymerization.[54] For the choice of an appropriate solvent one has to take into account 
the solubility of PS on the one hand and the ability to swell the polymer shell on the other 
hand. This is important because the PS in the core has a distinct molecular weight distribution 
and the mesh size of the shell must be wide enough to enable the chains from the core to 
diffuse out of the shell network. 
A variety of synthesis routes have been proposed to prepare hollow polymeric particles as was 
shown above, but up to now no scattering experiments have been performed to analyse the 
inner structure and composition of the capsules in a solvent at different temperatures. 
However, it is of outmost importance to obtain knowledge of these details to be able to fully 
understand and exploit potential application of smart hollow capsules. 
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2. Scope of the Thesis 
The characteristics of temperature-sensitive PNIPAM-based materials have been of major 
interest in colloid science over the last decade due to the smart, thermosensitive behaviour 
of the polymer. However, it is necessary to be able to tailor microgels with distinct properties 
and to characterize the composition of the particles to finally realize applications for this 
promising material. Copolymerization with functional monomers or choosing a certain particle 
architecture like the core-shell structure are ways to influence the particle properties in the 
desired way. The focus of interest of this thesis is the synthesis of PNIPAM-based materials 
and the structural investigation at different temperatures, i.e. different degrees of swelling.  
In the first result section (chapter 4.1) the synthesis of silica particles that are functionalized 
with a fluorescent dye and the incorporation of the particles into microfluidic devices is 
discussed. The fluorescently labelled silica particles help to prevent unwanted straylight-
induced solidification of monomer solution in microfluidic channels. The fluorescent dye that 
is incorporated absorbs in the UV range and shifts the wavelength of the scattered light to 
longer wavelength that do no longer induce uncontrolled polymerization. The silica particles 
enhance the photo stability of the dye and provide miscibility with the elastomer that forms 
the microfluidic chips. 
In chapter 4.2 a detailed SANS study on the particle morphology of silica-core PNIPAM-shell 
particles and hollow PNIPAM microgels is presented. Contrast variation was applied to study 
the structure of the core-shell particle and a form factor model was developed to describe the 
particle morphology above and below the VPTT. Additionally, the influence of polymerization 
parameters like shell thickness and cross-linker density on the structure of silica-PNIPAM core-
shell and hollow PNIPAM microgels is presented. The so-called structure-sensitivity dilemma 
of hollow PNIPAM particles is discussed in detail.  
Chapter 4.3 focusses on an even more complex system that consists of a silica core and two 
shells made of polymers with differing volume phase transition temperatures, namely 
PNIPAM and PNIPAM. This architecture allows to generate core-shell and hollow particle 
morphologies that have only partially collapsed shells at intermediate temperatures. I.e. the 
inner PNIPAM shell collapses at 32 °C but the outer PNIPMAM shell is still swollen until the 
VPTT of PNIPMAM is approached.  
A different core material, namely polystyrene was applied for the core-shell particle synthesis 
in chapter 4.4. The particle properties and the effects of the core dissolution with an organic 
solvent were investigated by means of DLS and SANS. 
Chapter 4.5 describes the tailoring and characterization of microgels for a confocal microscopy 
study of the crystallization behaviour of soft particles near bended and flat walls. The particle 
swelling characteristics and polydispersity was investigated by means of dynamic and static 
scattering techniques.   
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3. Methods 
Scattering techniques like dynamic light scattering or small angle light-, x-ray- or neutron 
scattering have proven to be useful tools for analysing the shape and structure of polymers[41, 
75] and biological samples.[76-78] In the following chapter the general principles of the scattering 
techniques employed in this work are summarized. In addition the result section contains 
detailed information on the particular settings used in the distinct measurements.  
In principle scattering methods can be divided into the two main sections of static and 
dynamic techniques. However, the very general experimental setup shown in Figure 4a is the 
same for both cases.[79] 
 
 
Figure 4: (a) General setup of a scattering experiment (top view). (b) Expanded view of the scattering 
volume, showing rays scattered at the origin O and by a volume element dV at position 𝑟. (Illustration taken 
from Pusey[79]. Vectors in the graph are indicated by bold letters). 
An incident radiation beam is passing through a sample (e.g. a microgel suspension) where it 
is partly scattered at the particles. The intensity of the scattered radiation is detected at an 
angle Θ and contains the information on the scatterer (particles) in solution.[79]  
Despite the uniform general setup the different scattering techniques have their own 
advantages and drawbacks which lead to typical fields of applications. One of the most 
outstanding characteristics of neutron scattering is for example the possibility to change the 
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contrast of the system by exchanging protonated with deuterated solvents.[80] This technique 
is called contrast variation and is discussed in more detail chapter 3.5.  
SAXS measurements at high flux facilities have much shorter measurement times compared 
to SANS that allows for time resolved measurements and kinetic experiments.  
In comparison to Neutron and X-Ray scattering experiments light scattering machines are 
often accessible in physical and chemical labs and the beam time is much cheaper and less 
limited compared to X-Ray and SANS. 
Which technique is finally applied in a study has to be decided individually: First of all it is 
important to estimate which q-range is appropriate to investigate the species. Of course a 
different q-range is needed when the overall size or the inner structure of a species shall be 
determined. The length scale of the scattering problem can often be estimated via microscopy 
techniques or dynamic light scattering. The contrast of the sample can differ significantly for 
the three radiation sources and should be considered as when an experiment is planned.  
However, no matter which experimental setup is considered appropriate, all small angle 
scattering techniques provide detailed ensemble averaged information on polymers or 
biological samples in solution.  
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3.1. Principles of Light Scattering  
The Following paragraphs concerning the basic principles of scattering are following the 
description of “Introduction to Scattering Experiments” by Pusey.[79] 
 Dynamic and static light scattering are non-destructive ensemble measurement techniques 
that are commonly applied in physical and chemical labs to analyse biological or polymeric 
compounds. As radiation source a monochromatic (and in the case of DLS coherent) light with 
a wavelength in the dimension of the scatterers is applied. Due to this wavelength dimension 
the overall particle structure and not the inner composition of a material is investigated.  
The electric field of the incident light is described by 
 ?⃗⃗?𝐼(?⃗?, 𝑡) ≡ 𝐸0⃗⃗ ⃗⃗ ∙ 𝑒
[𝑖(𝑘𝑟−𝜔𝑡)] (1) 
with the electric vector 𝐸0⃗⃗⃗⃗⃗ polarised perpendicular to the scattering plane and the angular 
frequency ω. [79]  The propagation vector of the incident light 𝑘𝐼⃗⃗⃗⃗  has a magnitude of |𝑘𝐼|⃗⃗ ⃗⃗ ⃗⃗ ⃗ =
2𝜋
𝜆
 
with 𝜆 being the wavelength of the light in the surrounding medium (compare Figure 4). The 
scattering in the medium is considered quasielastic which means that no considerable 
frequency shift occurs. Under the assumption that the sample is highly diluted so that most 
photons pass the sample unaffected and multiple scattering is negligible the propagation 
vector of the scattered light 𝑘𝑆 ⃗⃗ ⃗⃗ ⃗ is 2𝜋/𝜆 aswell. The resulting amplitude of the electric field of 
the scattered radiation at a point detector at a position R is given by ?⃗⃗?𝑆(?⃗⃗?, 𝑡) 
 
?⃗?𝑆(R, 𝑡) =  −
𝑘2𝐸0⃗⃗⃗⃗⃗
4𝜋
𝑒−𝑖(𝑘R−𝜔𝑡)
R
∫ [
𝜀(𝑟, 𝑡) − 𝜀0
𝜀0
] 𝑒(−𝑖?⃗?𝑟)𝑑³𝑟
𝑉
 (2) 
𝜀0 is the average dielectric constant of the medium and V the scattering volume. 
[79]  The 
scattering vector ?⃗? is defined as the difference between the propagation vectors of scattered 
light and incident radiation (Figure 4b). [79] 
 ?⃗? ≡ 𝑘𝑆 − 𝑘𝐼;  𝑞 ≡ |?⃗?| =  
4𝜋
𝜆
sin
𝜃
2
 (3) 
The q dependent intensity that is detected in the far field is a superposition of the scattered 
light from various particles in the solution under investigation. The Brownian motion of these 
particles leads to a fluctuating arrangement of dipoles in solution and hence time dependent 
changes in the scattered light field amplitude. The detected correlated changes in intensity 
therefore contains direct information on the structure and dynamics of the sample in 
reciprocal space (q-space).[79]  
3.2. Dynamic Light Scattering 
In dynamic light scattering (DLS), also known as photon correlation spectroscopy (PCS) or quasi 
elastic light scattering (QELS) the dynamics of particles in solution can be investigated. In this 
method the diffusion coefficient D is accessible and consequentially the hydrodynamic radius 
Rh can be calculated via the Stokes-Einstein-Equation (Eq. 9). The intensity detected in the far 
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field is a result of constructive and destructive interference of the scattered light from the 
scattering centres in the sample. It varies randomly and time dependently as the particles 
move due to Brownian motion. These time dependent intensity fluctuations reveal the 
information on the motion of the particles in the solvent. A typical measurement signal that 
shows the correlation between intensity and time is shown in Figure 5.  
 
Figure 5: Typical detector signal in the far field shows the intensity fluctuations resulting from the particle 
movement.  
To extract the information from this signal the intensity at a distinct time I(?⃗?,t) is compared to 
a signal at t+τ (I(?⃗?,t+τ)). Mathematically this is done by calculating the autocorrelation function 
of the detected intensity given by 
 〈𝐼(?⃗?, 0)𝐼(?⃗?, 𝜏)〉 ≡  lim
𝑇→∞
1
𝑇
∫ 𝑑𝑡 𝐼(?⃗?, 𝑡)𝐼(?⃗?, 𝑡 + 𝜏) ≡ 𝐺
(2)(𝑞, 𝜏)
𝑇
0
 (4) 
The limits of the autocorrelation function at small and long delay times are 
 lim
𝜏→0
〈𝐼(?⃗?, 0)𝐼(𝑞, 𝜏)〉 = 〈𝐼2(?⃗?)〉; (5) 
 lim
𝜏→∞
〈𝐼(?⃗?, 0)𝐼(?⃗?, 𝜏)〉 = 〈𝐼(?⃗?, 0)〉〈𝐼(?⃗?, 𝜏)〉 = 〈𝐼(?⃗?)〉² (6) 
That means that the intensity correlation function decays from the mean-square intensity at 
small delay times (Eq. 5) to the square of the mean at long times (Eq.6).  
From a dynamic light scattering measurement the normalized intensity correlation function 
g(2) is accessible. In the ideal case of a diluted suspension of particles in solvent it decays from 
g(2)(τ)=2 to g(2)(τ)=1.  
However, only the field correlation function g(1) contains information on the diffusion 
coefficient of the particles: 
 𝑔(1)(𝜏) =
〈𝐸(?⃗?, 𝑡)𝐸(?⃗?, 𝑡 + 𝜏)〉
〈𝐼(𝑡)〉
   (7) 
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The field correlation function can be calculated from the normalized intensity correlation 
function via the so called Siegert relation assuming Gaussian statistics of the scattered 
radiation. 
 𝑔(2)(𝜏) = 1 + 𝛽[𝑔(1)(𝜏)]² (8) 
The Siegert relation is not restricted to monodisperse, spherical particles, but can for example 
be applied to non-spherical or interacting systems in solution. 
To extract the diffusion coefficient from the measurement, the dependency of the field 
correlation function on the time dependent particle arrangement in solution is used 
 𝑔(1)(𝜏) = 〈𝑒(−𝑖?⃗?[?⃗⃗?(0)−?⃗⃗?(𝜏)])〉 = 〈𝑒(−𝑖?⃗?Δ?⃗⃗?(𝜏))〉 (9) 
with the particle displacement Δ?⃗? in the time τ: 
 Δ?⃗?(𝜏) ≡ ?⃗?(𝜏) − ?⃗?(0) (10) 
Assuming uncorrelated particle positions and random three dimensional Brownian motion the 
diffusion coefficient D0 is accessible over the particles’ mean-square displacement in the time 
τ:  
 〈Δ?⃗?²(𝜏)〉 = 6𝐷0𝜏 (11) 
Evaluating the average over Eq. 10 over the Gaussian probability distribution of the particle 
displacement leads to 
 𝑔(1)(𝜏) = 𝑒
[−
𝑞2⃗⃗⃗⃗⃗⃗
6
〈∆𝑅2⃗⃗⃗⃗⃗⃗ (𝜏)〉]
= 𝑒−𝑞²
⃗⃗⃗⃗⃗D0𝜏  (12) 
From measurements of 𝑔(2)(𝜏) in the DLS and determination of 𝑔(1)(𝜏) it is now possible to 
extract the decay rate 𝐷0𝑞² by fitting an exponential decay function for the delay time 𝜏. Since 
the scattering vector |?⃗?| can be calculated from the detection angle, the applied laser 
wavelength and the refractive index of the solvent as shown in equation (3), the diffusion 
coefficient 𝐷0 of the particles in solution is now accessible. The Stokes Einstein equation
[81] 
finally allows to calculate the hydrodynamic radius with the Boltzmann constant kB, the 
thermodynamic temperature T and the solvent viscosity η.[82] 
 𝐷0 =
𝑘𝐵𝑇
6𝜋𝜂𝑅ℎ
 (13) 
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In almost all cases the particles under investigation exhibit a size distribution, namely the 
polydispersity (PD). Thus, a sum of exponentials for the different particle sizes results from the 
DLS measurements, each exponential belonging to one distinct particle size weighted by the 
corresponding scattering intensity. One has to keep in mind, that the hydrodynamic radius of 
a sample is always an average value for the system. To determine the exact size distribution 
of a sample, form factor analysis from static scattering experiments are the method of 
choice.[82] 
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3.3. Small Angle Scattering 
The main principle of small angle scattering is already mentioned in chapter 3.1. To sum up, 
an incoming radiation wave induces a secondary wave in every scattering centre which adds 
to the scattering amplitude in the far field. The scattering intensity, which is the square of the 
scattering amplitude and its dependency on the scattering angle is detected. Like this the 
scattering intensity over a certain q-range is detected at discrete points. A certain loss of 
information has to be taken into account because of the averaging over all orientations of the 
scatterers in solution. The resulting scattering function (form factor), that displays the mean 
scattering intensity versus q, cannot hold all the information on the particles’ three 
dimensional structure. The estimation of a particle structure from the scattering function is 
called the inverse scattering problem. One should note that this problem cannot be solved 
uniquely but that it is sometimes possible to find more than one model that describes 
measurement data in a certain accuracy. Thus it is always useful to apply complementary 
methods like electron microscopy to gather as much information as possible about the system 
at hand. [83] 
The most common application of small angle scattering techniques is probably particle sizing. 
That means that for a known or assumed particle geometry the size and size distribution can 
be evaluated. Depending on the applied method also the internal structure of a species can 
be determined. If the particle distance is in the range of the particle size (high concentration) 
the inter particle interference function, also called static structure factor S(q), is accessible. 
That means that at high concentrations the spatial arrangement of a system can be described 
in addition to the shape of the single particles. [83] 
Which small angle scattering techniques is finally useful to solve a scattering problem depends 
on a variety of factors. First of all the different kinds of radiation interact in a specific way with 
the matter at hand. For example neutrons interact with the nuclei of the atoms whereas x-
rays interact with the electrons. This often leads to a different scattering efficiency for one 
compound in neutron- or X-ray scattering experiments. In neutron scattering the strongly 
different scattering behaviour of the isotopes deuterium and hydrogen is of special 
importance due to the possibility to vary the contrast of a system tremendously in a rather 
simple way. This technique is called contrast variation[83] and will in chapter 3.5 be discussed 
in more detail. 
The wavelength of the applied radiation defines the q-range of the measurements and 
therefore sets the limits for the structure sizes that can be investigated. In both X-ray and 
neutron scattering the applied wavelength usually is in the range of 10-1 to 100 nm. That leads 
to a size range of few nanometres to few hundred nanometres at special instruments that can 
be investigated. Larger systems up to several microns can be investigated via static light 
scattering. Dynamic light scattering and electron microscopy techniques are complementary 
methods that are often applied in colloid science.[83]  
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3.4. The Scattering Function 
The scattering function I(q) measured over a certain q-range contains the information on 
particle structure and shape. We consider now the diluted case where the inter particle 
distance is much larger than the range of the particle interactions so that the structure factor 
S(q)=1 and can be neglected. The evaluation of I(q) leads to a whole set of information that 
can be gathered during a single small angle scattering experiment. If the scattering function is 
detected in the low-q-regime it holds a limit called the Guinier regime. The high-q limit is called 
the Porod regime. The form factor contains information on shape, size and size distribution of 
a particle. The single parts of the scattering functions and the information content are 
discussed in the following chapters in more detail.[83] 
3.4.1. The Low-q Limit  
At the low-q part of a scattering function where q·Rg ≤ 1 the forward scattering of a particle 
is described. In this regime, also called the Guinier regime, the form factor P(q) has a general 
expression that depends on the radius of gyration Rg of the particles under investigation 
 𝑃(𝑞) =
1
𝑉𝑃𝑎𝑟𝑡
∫ 4𝜋
𝐷
0
𝑟2𝛾𝑃𝑎𝑟𝑡(𝑟)𝑑𝑟 [1 −
(𝑞𝑅𝐺)
2
3
+ ⋯ ]  (14) 
with γPart(r) being the correlation function of the particles. 
The radius of gyration of an object is defined as  
 𝑅𝐺
2 =
1
2
∫ 𝑟2
𝑉𝑃𝑎𝑟𝑡
𝛾(𝑟)𝑑𝑟
∫ 𝛾(𝑟)𝑑𝑟
𝑉𝑃𝑎𝑟𝑡
 (15) 
The approximation for the dilute case is  
 𝐼(𝑞) = 𝐼(0)𝑒−
𝑞²𝑅𝐺²
3  (16) 
Accordingly, the radius of gyration can be extracted from a small angle scattering 
measurement using the Guinier plot. In this form of diagram the logarithm of the intensity 
ln(I(q)) is plotted versus the q² and Rg can be calculated from the slope (Rg²/3). The possibility 
to extract the information on a geometrical characteristic, namely the radius of gyration, from 
a particle just by investigating the scattering behaviour at low q shows that this is a powerful 
tool in small angle scattering to evaluate data in a rather simple way. However, one always 
has to keep in mind that this approximation is only valid for two conditions. First of all the 
concentration has to be low enough that a structure factor is negligible. The second point is 
that the approximation holds only for the Guinier regime so that one has to double-check that 
the range of q·RG < 1 is met.[83] 
3.4.2. The High-q Regime 
In comparison to the forward scattering in the low q-regime that describes large scale 
structures, namely the overall geometry (compare 3.4.1) and the interparticle interference 
structure (structure factor), the high-q regime describes the small scale structures of a system. 
The so called Porod regime describes the scattering function at q·r > 5, with q being the 
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scattering vector and r the radius of the particle. The slope of the oscillations of a scattering 
curve in this regime describes the surface characteristics of a material and follows a power 
law. For example for a homogeneous hard sphere with a sharp interface the intensity 
decreases with q-4 in this regime. This technique allows for example to distinguish between 
the scattering of a spherical silica particle which is a model for a homogeneous sphere and a 
colloid with polymer density that decays smoothly from the centre to the particles surface, 
namely a PNIPAM microgel. Further applications are e.g. the determination of the porosity of 
glass grains or the comparison of surfaces with different roughness.[84] 
3.4.3. The Form Factor 
As already discussed in chapter 3.4 the scattering intensity in the intermediate q-range is 
strongly depending on the form factor P(q) of a particle 
 𝐼(𝑞) = ∆𝜌2𝑉2𝑃(𝑞)𝑆(𝑞) (17) 
For a homogeneous and monodisperse sphere P(q) is given by  
 𝑃(𝑞) = [
3 · (sin(𝑞𝑅) − 𝑞𝑅 · 𝑐𝑜𝑠(𝑞𝑟))
(𝑞𝑅)³
]
2
 (18) 
The function has zeroes at qR = 4.493, 7.725 and so on (compare Figure 6).  
 
  
 
Figure 6: Normalized form factor of a monodisperse sphere. The function has distinct zeroes at 4.493, 7.725 
etc. which allows to estimate the size of a spherical particle by reading the values of the zeroes from the 
suitable plot of the scattering data. 
qR 
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Nevertheless, one has to keep in mind that the rather simple estimation of a size from a 
minimum is only valid for homogeneous spheres. For more complex geometries like rods or 
prolate and oblate ellipsoids the situation is far more complex and a more detailed analysis is 
necessary to extract the information on the outer dimensions of the particles. For further 
information and examples of more complex functions that describe the scattering of a variety 
of shapes compare “Modelling of small-angle scattering data” of J.S. Pedersen Neutrons, X-
rays and Light: Scattering Methods Applied to Soft Condensed Matter.[85] 
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3.5. Contrast Variation in Neutron Scattering  
According to Equation 17 an important parameter that influences the overall scattering 
function is the so called scattering contrast. Although there are also limited possibilities to 
vary a contrast in X-ray experiments contrast variation in neutron scattering is rather easily 
accessible due to the tremendously different scattering length densities of protons and 
deuterium. For a two component system (e.g. homogenous polymeric particles in a simple 
solvent like D2O) only the scattering intensity changes when the contrast changes e.g. by 
exchanging the solvent from D2O to H2O. For a more complex multicomponent system which 
one can find rather often in colloids and polymers the possibility to change the contrast 
between solvent and polymer domains allows to highlight or hide parts of the particles. Thus 
one has in principle access to detailed structural information on e.g. a core-shell polymer 
system when the solvent composition is changed adequately.[80]  
One central part of understanding contrast variation in neutron scattering experiments is the 
differentiation of coherent and incoherent scattering contributions. The coherent scattering 
occurs from all nuclei with the same average scattering length 〈𝑏〉. The whole interference 
originating from the scattering is included in the coherent scattering expression which thus 
contains all the structural information one can gather from a scattering experiment. The 
incoherent scattering contribution has no interference terms and contains no structural 
information and contributes to the background of the measurements. Typical values for 
coherent scattering lengths in neutron scattering are given in Table 1.[80] 
Table 1: Examples for typical values for the coherent scattering length b in neutron scattering 
experiments.[80] 
Scattering length 
 b [10-14 m] 
1H 2H 12C 16O 
 -0.38 0.66 0.66 0.58 
The values for the scattering length can be negative as e.g. in the case of hydrogen. The 
tremendous variation of a scattering length for two isotopes, especially H and D enables the 
contrast variation in neutron scattering. This effect can be easily understood by means of the 
following example: A particle with core-shell structure is analysed. Core and shell consist of 
different materials e.g. silica in the core and PNIPAM in the shell. Both materials exhibit 
strongly differing scattering length densities (SLD´s). The situation is depicted in Figure 7. 
 
Figure 7: Schematic representation of a contrast variation experiment. Appropriate mixtures of D2O and 
H2O match either core or shell of the core-shell particle. 
Pure D2O is considered as white, pure H2O is depicted as black background in the scheme. In 
appropriate mixtures of deuterated and protonated solvent the overall solvent SLD is adjusted 
to match the SLD of a component in the analysed core-shell particle. This process is called 
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contrast matching. The solvent matched part of a particle does not contribute to the overall 
measurement intensity and is thus hidden. The coherent and incoherent cross-sections of the 
nuclei also lead to interesting possibilities in small angle neutron scattering as shown in Table 
2.[80] 
Table 2: Examples for coherent and incoherent cross-sections of chosen nuclei.[80]  
Isotope σcoh σincoh 
1H 1.8 79.7 
2H 5.6 2.0 
12C 5.6 - 
14N 11.6 0.3 
16O 4.2 - 
   
The incoherent background of a SANS measurement can be reduced tremendously by 
choosing a deuterated instead of a protonated solvent. However, one has to keep several 
experimentally important aspects in mind when planning a contrast variation experiment. Of 
course it is in general possible to increase, change or vary a contrast by choosing appropriate 
mixtures of deuterated and protonated solvents, but one has to be sure that the system under 
investigation is not changed by exchanging protonated by deuterated components. For 
example the size of a PNIPAM microgel measured in DLS is not changed whether it is swollen 
in water or heavy water, but the transition temperature is shifted to higher temperatures, 
namely 34 °C in D2O compared to 32 °C in H2O.[28] Another example where properties are 
influenced by an H-D exchange is the shift of the theta-temperature Θ of deuterated PS in 
C6H12 and protonated PS in C6D12 in the order of 4 °C. However, changing the contrast of a 
system just by adjusting the solvent composition is a powerful and unique technique in 
neutron scattering that allowed many breakthroughs in polymer science.[80]
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4. Results 
4.1. Reduced UV Light Scattering in PDMS Microfluidic Devices1 
Droplet-based microfluidics is a powerful tool to form monodisperse emulsion droplets with 
sophisticated morphologies such as those with anisotropic compositions,[86-89] core-shell 
structures,[90-94] or non-spherical shapes.[95-97] These droplets can be used as templates to 
synthesize microparticles with complex architecture; this is typically achieved through droplet 
solidification by polymerization or gelation of monomers or macromolecular precursors.[98-99] 
To retain the complexity of the pre-particle droplets, it is essential to cure them immediately 
after their formation, which is typically achieved by rapid UV-induced photopolymerization or 
photogelation on the microfluidic chip.[98] 
 This strategy requires the light-induced droplet solidification to be confined to a defined area 
on the microfluidic device to avoid undesired solidification of the precursors prior to their 
emulsification. To achieve such a spatial confinement, various masking techniques have been 
used.[98] However, even though masking minimizes unwanted primary exposure of the 
microchannels, light can be propagated to remote regions inside the microfluidic device by 
scattering through the device material. In many cases, microfluidic devices are fabricated from 
elastomers such as polydimethylsiloxane (PDMS) through the use of soft lithography,[100] 
because this approach maximizes flexibility of the microchannel design. These PDMS devices 
consist of a rubbery polymer network, which gives rise to marked light scattering. This 
situation is exacerbated because PDMS elastomer kits contain silica nanoparticles, which 
strongly enhances light scattering. Hence, the use of photocurable fluids in PDMS microfluidic 
devices is markedly impaired by uncontrolled, straylight-induced solidification of these fluids 
in the microchannels. To circumvent this limitation, we present a way to load PDMS 
microfluidic devices with a fluorescent dye that absorbs the scattered UV light and shifts the 
stray light inside the elastomer to longer wavelengths. Thus, the stray light is no longer 
harmful, and UV exposure can be limited to a desired region using masking or light-focusing 
methods. Since many dyes are immiscible with PDMS, we link the fluorophore to silica 
nanoparticles, which can be mixed with PDMS over a wide range of compositions. To 
demonstrate the utility of this approach, we compare the UV-assisted fabrication of polymer 
microgel particles in PDMS microfluidic devices loaded with the fluorescent additive to those 
which have no additive: only the devices with fluorescent additives provide viable production 
of microgel particles and eliminate undesired clogging due to spurious UV illumination.  
                                                     
1 This chapter was published in Lab on a Chip, 11(5), 966-968. The study was performed 
in collaboration with the co-authors. My contribution was the synthesis of the dye-labelled 
silica particles. Furthermore, I analysed the particle sizes and wrote the respective parts 
of the manuscript. 
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We synthesize fluorescent silica nanoparticles by a modified Stoeber process.[101] To link a 
fluorophore to these particles, we perform this reaction in the presence of a dapoxyl-
functionalized silane. This reagent is obtained by dissolving a succinimidyl ester derivative of 
dapoxyl carboxylic acid (Invitrogen, 5 mg) in anhydrous dimethyl sulfoxide (VWR, 500 mL) and 
conjugating it with a coupling agent, aminopropyltriethoxysilane (Fluka, 29 mL). The resulting 
dapoxyl-silane is then added to a mixture of absolute ethanol (Merck, 17 mL) and 32% (w/w) 
ammonia in water (Merck, 1 mL), and after subsequent addition of tetraethylorthosilicate 
(Aldrich, 670 mL), fluorescently tagged silica particles form, as evidenced by an increasing 
turbidity of the solution. In a typical experiment, the mixture is reacted overnight, and the 
product particles are purified by sedimentation with subsequent dispersion in pure ethanol 
(two times) and water (two times) before they are isolated by lyophilization. The average 
hydrodynamic diameter of these particles is 320 nm, as determined by dynamic light 
scattering.  
The dapoxyl dye exhibits fluorescence that is highly dependent on the solvent, with a Stokes 
shift of up to 200 nm.[102] A dispersion of the dapoxyl-labeled silica nanoparticles in liquid 
PDMS exhibits a fluorescence excitation maximum located at λmax(ex) = 422 nm, which is a 
good match to the emission maximum of most laboratory UV lamps, as indicated in Fig. 1A. 
The absorbance of this suspension at a typical UV irradiation wavelength of λ = 365 nm is 
A = 2.6 per centimetre if the concentration of labeled silica is 1% (w/w); hence, incident UV 
light of this wavelength is attenuated to less than 5% of its original intensity when passing a 
distance of 5 mm through the fluorescent silica dispersion. It is this absorption which 
eliminates the detrimental scattering of the UV light inside the PDMS elastomer. The dapoxyl 
dye shifts the absorbed light to substantially longer wavelengths with a fluorescence emission 
maximum at λmax(em) = 522 nm, as also shown in Figure 8a. 
To incorporate these fluorescent silica particles into microfluidic devices, we use soft 
lithography and pour PDMS which contains 1% (w/w) of the fluorescent particles along with 
crosslinker (Sylgard 184 elastomer kit, Dow Corning, base : crosslinker = 10 : 1) onto a silicon 
wafer patterned with SU-8 photoresist.[100] After solidifying the material for 1 h at 65 °C 
devices can be fabricated by oxygen-plasma bonding of the PDMS replicas onto glass slides. 
To render the channel surfaces hydrophobic, and hence, suitable for water-in-oil 
emulsification, we treat them with Aquapel ® (PPG, Pittsburgh, PA, USA), a commercial 
windshield treatment. 
The resultant microfluidic devices exhibit strong green fluorescence upon UV exposure, as 
demonstrated in Figure 8b. This observation confirms that short-wavelength light is efficiently 
red-shifted inside the device material; it is thus harmless to UV sensitive compounds in device 
regions that are not exposed to the primary beam. As a result, these devices show notably less 
accidental solidification of UV-curable fluids than conventional devices without fluorescent 
loading.  
To illustrate the benefits of this treatment, we compare PDMS devices containing the 
fluorescently labeled silica nanoparticles to those without and emulsify and photocure 
semidilute solutions of a photocrosslinkable polymer. This polymer is a thermoresponsive 
poly(N-isopropylacrylamide) which is functionalized with pendant dimethylmaleimide 
moieties that can be selectively interconnected by UV exposure.[103] We use microfluidic 
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channels that consist of a cross-junction to form pre-microgel emulsion droplets and a wide 
basin channel to expose these drops to UV excitation to cure them, as shown in Figure 8C. The 
cross-junction consists of two rectangular channels that are 50 micrometres wide and 
intersect at an angle of 90°. The basin channel is patterned right behind the cross-junction, 
where the horizontal channel dimension widens to a width of 1 cm. All channels have a 
uniform height of 70 micrometres.  
If we inject an aqueous semidilute solution of the photocrosslinkable polymer (50 g L-1 
polymer, 1 mmol L-1 photosensitizer thioxanthone-2,7-disulfonate) and an immiscible paraffin 
oil into the microchannels at flow rates of 100 mL h-1 for the oil and 50 µL h-11 for the polymer, 
we obtain monodisperse droplets of the polymer solution that are dispersed in the oil phase. 
As these droplets flow downstream the basin channel, they pass through a spot of about 
0.5 cm in diameter about 2 cm away from the cross-junction which is exposed to strong UV 
light (250 mW cm-2 at λ = 365 nm) from the glass backside of the microfluidic chip, thereby 
photocrosslinking the polymer chains and gelling the droplets, as shown in Figure 8C. If plain 
PDMS is used as the elastomeric device material for this experiment, a steady state is only 
achieved for a time of about 10 min, before undesired photogelation of the aqueous phase 
sets in at the crossjunction and the polymer inlet channel, as also shown in Fig. 1C. This 
unwanted reaction occurs due to the stray light which crosslinks the polymer prior to its 
emulsification, thereby clogging the microchannels. 
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Figure 8: Complexation of PDMS microfluidic devices with a UV-absorbing, fluorescent dapoxyl dye. (A) 
Normalized fluorescence excitation (blue line) and emission (red line) of the dapoxyl chromophore bound 
to silica nanoparticles and suspended in liquid PDMS. The blue bar denotes the light emission of most 
common laboratory UV lamps, which is effectively absorbed and red-shifted by this dye. (B) Photograph of 
two UV-irradiated microfluidic chips which are (left device) or are not (right device) loaded with the dapoxyl-
functionalized silica nanoparticles. (C) Use of the dapoxyl loaded device for the production of polymer 
microgel particles. A cross-junction channel serves to form monodisperse pre-microgel droplets from a 
semidilute precursor polymer solution, which are exposed to a focused spot of strong UV light as they flow 
through a basin channel, thereby gelling them. The resultant microgels are isolated from the continuous oil 
phase and swollen in water, where they swell to a size of about 60 mm, as shown in the lower right inset 
micrograph. If plain PDMS is used as the elastomeric device material, a steady microgel production is only 
possible for about 10 min, before uncontrolled, stray-light-induced gelation of the precursor polymer leads 
to uncontrolled droplet formation and clogs the polymer inlet channel, as shown in the upper left inset 
micrograph. Only devices which are loaded with the dapoxyl dye guarantee an unperturbed microgel 
production. All scale bars in panel C denote 100 mm. 
Using a PDMS device that is loaded with fluorescent silica beads solves this problem. Due to 
the absorption of the stray light inside the PDMS elastomer, the photoreaction is not triggered 
in unexposed regions of such a device, and photogelation of the aqueous polymer droplets 
occurs only in the basin channel that is exposed to the primary UV beam from the glass 
backside of the microfluidic chip. Even after several hours, no perturbation of the steady flow 
state is observed, and no gel can be detected in the cross-junction of the inlet channels; 
instead, the device continues to produce monodisperse microgel particles with a composition 
that is determined by the composition of the precursor polymer.[103] 
 The method presented in this note provides an easy means to avoid spurious UV irradiation 
in undesired locations in PDMS microchannels. Since the fluorescence labeling of the silica 
nanoparticles can be customized, and since different types of labeled silica beads can be mixed 
in the PDMS elastomer, the spectral characteristics of the device can be chosen at will. 
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4.2. How hollow are thermoresponsive, hollow nanogels?2 
4.2.1. Introduction 
Hollow capsules are in the focus of the rational design of responsive drug delivery systems for 
applications in the biomedical field.[104-108] Smart drug delivery systems store and protect 
drugs from degradation in vivo but allow drug release e.g. in response to an external 
stimulus.[109-114]  
Microfluidic techniques allow fabricating monodisperse microcapsules with rather large 
sizes.[93, 115] The geometry of the pre-microgel droplets determines the particle geometry. 
Controlling the morphology is either achieved via aligned glass microcapillaries[116] or 
elastomer-based devices[117] that are replicated from master moulds allowing the fabrication 
of particles with varying morphologies. However, up to now the technique is restricted to the 
preparation of comparably large particles of 10-100 µm.  
Slightly smaller particles can be achieved through a layer-by-layer deposition technique where 
oppositely charged polyelectrolytes are deposited on a colloidal template.[118-119] The number 
of deposited layers determines the shell thickness accordingly. Capsules are formed if the core 
is subsequently chemically removed. However, the formation of thick shells can be rather 
tedious and the multi-layer shell can become unstable e.g. with increasing salt concentration 
unless the layers are chemically cross-linked.[120-123] 
Nanocapsules with a permeable chemically cross-linked shell can be prepared by 
encapsulating a sacrificial core by a shell of a cross-linked swollen polymer network.[58] Silica 
particles have proven to be a suitable core material. They can be routinely prepared in a 
Stoeber synthesis[55] and require a linking agent to chemically connect the polymer shell 
around the silica core.[58] Afterwards the core is dissolved, which leads to the formation of 
pitted particles that typically are assumed to be hollow with the void size being given by the 
size of the sacrificial core.  
Hollow nanoparticles made of temperature-sensitive polymers like poly-N-
isopropylacrylamide (PNIPAM) are particularly promising materials and have been prepared 
based on this approach.[59, 74, 124-126] The volume phase transition temperature (VPTT) of 
PNIPAM microgels in water is 32°C, and can be tailored for specific applications by 
                                                     
2 This chapter was submitted for publication to Macromolecules. The study was prepared 
in a collaboration with the co-authors. I have synthesized the hollow spheres from the 
respective core-shell particles and performed and analysed all dynamic light scattering 
measurements. I also performed the SANS measurements in collaboration with Matthias 
Karg and Aurel Radulescu. In collaboration with Jan Skov Pedersen the quantitative data 
analysis model was evolved which I used afterwards for the data analysis. Furthermore, I 
was significantly involved in writing the manuscript. 
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incorporating suitable co-monomers.[20, 33, 41, 127] Recently, we reported on hollow nanogels 
with two temperature-sensitive shells.[128]  
Obviously, controlling the stimulus-dependent void size and shell thickness is crucial for the 
rational design of new, functional drug delivery vehicles.[63, 115, 129] However, a quantitative 
determination of the void size and its dependence on the stimulus is challenging and has not 
been reported before. 
In this contribution we present a small angle neutron scattering (SANS) study including a 
detailed contrast variation series to reveal the structure of the core-shell and hollow nanogels 
quantitatively. A form factor model for core-shell particles was evolved and a global fit of the 
SANS curves was performed to obtain the high quality data. The SANS analysis is 
complemented with electron microscopy images and the swelling of the particles is analysed 
via dynamic light scattering measurements. 
 
4.2.2. Experimental Details 
Preparation of core-shell particles. The core-shell particles have been prepared in a seed and 
feed synthesis. The detailed synthesis protocol was adopted from literature.[56] Briefly, silica 
nanoparticle cores were synthesized first by mixing 130 ml ethanol (abs.) and 11 mL ammonia 
solution in a three-neck round bottom flask equipped with a reflux condenser. The solution 
was heated to 50 °C under continuous stirring with a magnetic stirrer. After approximately 10 
minutes of equilibration time at 50 °C a solution of 5 mL tetraethylorthosilicate (TEOS) in 15 
ml ethanol (abs.) was added quickly. After 12 hours of reaction time, the surface of the silica 
nanoparticles was functionalized with methacryloxypropyltrimethoxysilane (MPS) to 
introduce reactive functionalities (double bonds) for the following polymerisation. The 
particle concentration was increased by a factor of 10 to obtain a seed stock solution through 
subsequent purification via centrifugation. For particle type CS-1 one fourth of the pre-treated 
core stock solution was added to a degassed mixture of NIPAM (537 mg), 
N,N-methylenebisacrylamide (BIS) (39.4 mg (5.4 mol %)) and PVP (1 mg/ml) in water (100 ml). 
For CS-2 the same masses of monomer and cross-linker were used in a 200 mL synthesis with 
double amounts of silica seed particles and PVP as in the synthesis of CS-1. CS-3 was 
synthesized with 241 mg NIPAM and 59.1 mg BIS in 100 ml water (18 mol % BIS). In all three 
synthesis solutions of 10 mg KPS in 1 mL of water were added to initiate the polymerisations. 
Centrifugation was applied to purify the particles from unreacted monomer and short chain 
oligomers. Afterwards the core-shell particles were lyophilized for storage and further 
applications.  
Preparation of pitted particles. The particles were pitted by treatment with highly diluted HF 
as previously reported in literature.[59, 64, 126, 130] Briefly, freeze-dried core-shell particles were 
dispersed in 7.5 mL of bidistilled water and 10 droplets of hydrofluoric acid (40 %) were added. 
The mixture was stirred overnight and subsequently dialysed against water until a neutral pH 
was reached. Zha et al. reported that infra-red spectroscopy data confirmed that the amide 
linkages are not damaged under these conditions.24 The successful core dissolution has been 
proven by means of electron dispersive x-ray measurements.  
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Dynamic Light Scattering (DLS) measurements were performed to determine the 
hydrodynamic radii (Rh) of core, core-shell and pitted particles. For all measurements an ALV 
setup with a goniomer (ALV 5000) and a HeNe laser with a wavelength of 633 nm was applied. 
The temperature of the toluene index match bath was controlled via an external 
programmable thermostat (Julabo F32). All samples were highly diluted to avoid multiple 
scattering. For each temperature, measurements were performed at three different 
scattering angles to determine the mean diffusion coefficient of the system from the linear 
regression of the decay rate versus the square of the scattering vector q. From the diffusion 
coefficient the hydrodynamic radius Rh is calculated via the Stokes-Einstein equation.  
SANS measurements were carried out at the instrument KWS 2 at the Heinz Maier-Leibnitz 
institute in Garching, Munich. Measurements were performed at wavelength of 5 Å and 18 Å 
with a wavelengths spread of 20%. The sample concentration was 0.2 wt% or 1 wt%, 
respectively. All data were corrected for background and empty cell scattering and calibrated 
to absolute scale by PMMA scattering using the standard procedure of the instrument. The 
resulting intensity is displayed as a function of the modulus of the scattering vector, q. 
Cryo-TEM samples were prepared by vitrification of thin liquid films (2 µL) supported on lacey 
carbon filmed copper grids (Science Services, Munich), which were hydrophilized by air plasma 
glow discharge (30 s with 50 W, Solarus 950, Gatan, Munich, Germany). The shock freezing 
was done with liquid ethane using a temperature-controlled freezing unit (Zeiss Cryobox, Carl 
Zeiss Microscopy GmbH, Jena, Germany). The temperature was monitored and kept constant 
in the chamber during all steps of preparation. The sample specimen was inserted into a cryo-
transfer holder (CT3500, Gatan, Munich, Germany) and transferred to a Zeiss EM922 Omega 
EFTEM microscope (Zeiss Microscopy GmbH, Jena, Germany). The microscope was operated 
at an acceleration voltage of 200 kV. Examinations of the sample were carried out at 
temperatures around 90 K. Zero-loss filtered images (E = 0 eV) were taken under reduced 
dose conditions (100 – 1000 e/nm2). All images were registered digitally by a bottom mounted 
CCD camera system (Ultrascan 1000, Gatan, Munich, Germany) combined and processed with 
a digital imaging processing system (Digital Micrograph GMS 1.9, Gatan, Munich, Germany).  
4.2.3. Theoretical Background and Data Analysis 
Small angle neutron scattering (SANS) experiments yield information on the intensity 
distribution I(q) as a function of the momentum transfer q in reciprocal space. For suspensions 
of spherical, monodisperse particles the differential cross-section (𝑑𝜎(𝑞)) ⁄ 𝑑𝛺  is a common 
way to express I(q):  
 )()( qnPq
d
d


  (19) 
P(q) represents the form factor and n the particle number density. A significant instrumental 
smearing of the measurement data occurs in SANS experiments that depends on setup 
geometry, wavelength distribution and the detector resolution. It is taken into account by 
introducing a resolution function ),( qqR   that describes the probability distribution for the 
scattering vector q for a given nominal scattering vector q. 
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The core-shell particles that were investigated in this study consist of a silica core and a cross-
linked PNIPAM shell. It was shown before that due to the higher reaction rate of BIS compared 
to PNIPAM a graded interface to water is formed during the polymerization of a pure PNIPAM 
microgel. We assume that the same behaviour occurs during the synthesis of the shell in silica-
core PNIPAM-shell particle synthesis. Thus we applied a model based on the model form factor 
expression of Berndt, Pedersen and Richtering[53] with minor extensions that will be explained 
below. The density profile that depicts this model is shown in Figure 9. 
 
Figure 9: Schematic representation of the core-shell model based on the model by Berndt, Pedersen and 
Richtering.[53] The central core has a constant volume fraction up to r = Wcore and a graded interface with a 
half-high radius of Rcore = Wcore + 1, where 1 describes the width of the interface. The first shell has a 
grading of the inner interface given by 1, a constant volume fraction in a range Wsh,1 and a graded outer 
interface with a width given by 2. The interface between the first shell and the second (half-height) is 
located at r = Wcore + 21 + Wsh,1 + 2.   The second shell has a grading of the inner interface given by 2, a 
constant volume fraction in a range Wsh,2 and a graded outer interface with a width given by 3. The 
interface between the second shell and the solvent (half-height) is located at r = Wcore + 21 + Wsh,1 + 22 + 
Wsh,2 + 3.    
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The density profile is based on a profile with a constant density in the center in a region up to 
r = W and a decay of the outer surface, which is determined by , In agreement with the 
previous work, the interfaces are piece-wise described by parabolic functions. The radial 
density profile (r) of a particle with such a graded surface is expressed by the half-height 
radius R = W + is  
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The volume of the particles that this profile describes is V = 4Vn, where Vn = (R3/3 + R2/6). 
The Fourier transformation of this scattering profile leads to the scattering amplitude 
(q,R,): 
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(22) 
This expression is normalized to (q=0,R,)=1 so that the scattering amplitude of the core 
with radius Rcore and interface width 1 is (cf. Fig. 1 for definition of parameters for the profile): 
 ),,(),,,( 11  corecorecorecorecorecorecore RqVRqA   (23) 
where core and Vcore are, respectively, the scattering length density and the volume of the 
core. 
The scattering amplitude of the first shell is in the usual way given by differences of scattering 
amplitudes (4) with different radii and interface width:  
 )),,(),((),,,,,( 12,1,1,1,11,21,1,  corecoreshshshcoreshshsh RqVRqVRRqA   (24) 
where sh,1 and Vsh,1 are, respectively, the scattering length density and the volume that 
correspond to a particle with Rsh,1 and 2 related to the first shell. Similarly, the scattering 
amplitude of the second shell is: 
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where sh,2 and Vsh,2 are, respectively, the scattering length density and the volume that 
correspond to a particle with Rsh,2 and 3 related to second shell. The scattering amplitude of 
the full particle with core and two shells is then: 
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The square of the scattering length amplitude A2(q) equals the form factor P(q). The model 
described above is versatile. It is able to describe core and shells with varying morphologies 
e.g. solid sphere-like or microgel-like with decaying polymer density at the surfaces.  
To take the polydispersity of core radius and polymer shell thickness into account it was 
described by a normalized Gaussian number distribution of a scale factor: 
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S=1 is the average scale factor of the size and poly denotes the relative particle size 
polydispersity. Better fits could be obtained if the polydispersity of the polymer layer thickness 
was larger than that of the core. Therefore, the polydispersity was increased by a constant 
factor for the shell thickness. This constant factor was optimized in the least squared fits. 
The internal structure of the microgel layer was described by a Lorentzian function 
]1/[)0()( 22qIqI LL   that is added to P(q). Herein the average correlation length in the 
network is described by . IL(q) contributes significantly to the intensity in the high-q range for 
the swollen samples. Finally, a constant background Iback is included to correct for residual 
incoherent scattering, mainly from the solvent. 
Summarizing all the above mentioned contributions yields a model expression for the 
scattering intensity distribution  
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where c represents the polymer mass concentration, i and i are, respectively the volume 
fraction and the partial specific mass density of the i’th component, and the volumes have 
implicitly a dependence on the structural parameters as explained above. Note that these 
parameters and the volume fractions are fit parameters, when the model is fitted to the 
experimental SANS data. The scattering length density of the silica core (3.47×10-6 1/Å2) and 
the PNIPAM shell (8.69×10-7 1/Å2) were calculated with the SLD calculator provided by 
NIST.[131]  
The decribed model was fitted to the experimental data using a least square routine to a 
reduced 2 criterium. Both the individual contrasts and the complete contrast variation series, 
in which the H2O and D2O composition of the solvent were varied, were fitted. In the contrast 
variation series the structure of the particles was the same for all contrasts and the excess 
scattering length of each component of the model was calculated using the composition of 
the solvent. The scattering length density of the various components of the model are then 
given by the excess scattering length density multiplied by the volume fraction of the 
component. 
The radial profiles in terms of material volume fraction can be plotted using the expressions 
(3a-d) taking appropriate differences as for the scattering amplitudes and multiplying the 
various components by their volume fraction. However, we used another approach based on 
numerical Fourier transformation of the scattering amplitude using volume fractions and 
omitting scattering length densities. This gives the radial volume fraction profiles in real space 
as: 
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4.2.4. Results and Discussion 
Figure 10 shows a schematic depiction of the system under investigation and the relevant 
length scales: Pitted particles were obtained after dissolution of silica cores from silica-
PNIPAM core-shell colloids using hydrofluoric acid (HF). The overall dimensions of the core-
shell colloids (2×rtotal) are determined by the core diameter (2×rcore) and the thickness of the 
chemically cross-linked PNIPAM shell (2×dshell). The dissolution of the silica core creates a void 
volume in the interior particle. Depending on the elasticity of the polymer network, additional 
swelling of the PNIPAM might occur, reducing the void volume as compared to the original 
silica core volume, leading to rvoid < rcore.  
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Figure 10: Schematic representation of the core-shell particles and the pitted “hollow” particles after core 
dissolution. 
In order to study the effect of network elasticity and network dimensions on the void volume, 
we prepared pitted particles from core-shell systems with three different shells of varying 
cross-linker content and shell thickness: CS-1 and CS-2 contain silica cores from the same 
batch and vary in shell thickness achieved through different silica/monomer ratios during the 
preparation (see Experimental for further information). CS-3 shows a comparable shell 
thickness as CS-2 but the cross-linker/monomer ratio used in the polymerisation of the shell 
was three times as high in comparison to CS-1 and CS-2. For CS-3 a slightly smaller silica core 
was used.  
The successful removal of the silica cores was studied by cryo-TEM. Figure 11 shows cryo-TEM 
images of the core-shell particles CS-1 (a1, a2) and the respective pitted particles PP-1 (b1, b2) 
obtained from vitrification of dilute aqueous particle dispersions at room temperature 
(swollen state). The core-shell morphology of the particles prior to HF treatment is clearly 
visible in Figure 11 a1 and a2. Due to the significantly larger electron density of the silica core, 
the core is observable within the PNIPAM network. After HF treatment (b1, b2), the contrast 
of the overall particles is rather low since the electron density of the structure is now solely 
given by the polymer shell. In particular the higher magnification shown in b2 reveals that the 
silica core has been removed. Complete removal of the silica core has also been proven by 
EDX analysis.  
However, the low contrast of the PNIPAM network in electron microscopy hampers an 
unambiguous analysis of the overall particle size and more importantly of the void size. The 
images shown in Figure 11b do not provide clear evidence whether or not the pitted particles 
are in fact hollow.  
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Figure 11: Cryo-TEM images of CS-1 at low (a1) and high magnification (a2) before HF treatment. The red 
and yellow dotted circles in a2 highlight the overall dimensions and the core respectively. Cryo-TEM images 
of PP-1 at low (b1) and high magnification (b2). Samples were prepared from dilute aqueous dispersion at 
room temperature by vitrification using liquid ethane. 
The overall particle dimensions and the swelling behaviour of the core-shell and pitted 
particles were studies using dynamic light scattering. This technique is perfectly suited to 
obtain ensemble average, statistically relevant values of particle overall dimensions from 
aqueous dispersion and hence under conditions which are of actual relevance for drug 
delivery purposes. The diffusion coefficient is determined from the mean relaxation rate 
(measured at various scattering angles) and the hydrodynamic radius is obtained via the 
Stokes-Einstein equation. Figure 12 shows the evolution of hydrodynamic radius with 
temperature for all three systems.  
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Figure 12: Results from temperature-dependent dynamic light scattering measurements of the core-shell 
(full symbols) and the pitted particles (open symbols). The temperature-independent size of the silica core 
is indicated by the horizontal lines. 
All samples reveal a temperature-sensitive size. Systems 1 and 2 (Figure 12a) show the 
expected volume phase transition behaviour with transition temperatures in the order of 32-
33 °C and the VPTT is not affected by the dissolution of the silica core. The higher degree of 
cross-linking for system 3 (Figure 12b), results in a significantly lower degree of swelling and 
in a loss of the sharp transition at 32°C. The difference in shell thickness for CS-1 and PP-1 
compared to CS-2 and PP-2 is clearly visible as the hydrodynamic radii for system 1 are larger 
at every investigated state of swelling. 
At low temperatures, the size of the pitted particles is similar to that of the parent core-shell 
particles for all three systems. That indicates that the dissolution of the silica core does not 
lead to additional swelling of the PNIPAM network to the exterior. However, differences 
between the hydrodynamic radii of core-shell and pitted particles, respectively, are observed 
for systems 1 and 2 at temperatures above the VPTT: The pitted particles are smaller than the 
parent core-shell particles, indicating that PNIPAM network collapses into the interior, i.e. into 
the “void” space, previously occupied by the silica core. 
Again, system 3 behaves differently: The high cross-linker content restricts the swelling of the 
PNIPAM so strongly that core-shell and pitted particle show nearly identical hydrodynamic 
size even in the collapsed state.  
However, DLS measurements solely provide information about the overall dimensions of the 
particles. The inner structure and spatial distribution of polymer segments inside the shell 
cannot be determined with this technique.  
Therefore, the internal structure was investigated by SANS at different scattering contrasts. 
First of all a detailed contrast variation series was performed for CS-2. The core-shell particles 
were investigated in 7 different D2O/H2O mixtures at 20 °C (Figure 13). On the basis of this 
a b 
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series of measurements the form factor model was evolved and applied to the data shown in 
Figure 13. The lines in the plot represent the fits.  
 
Figure 13: Contrast variation series series for CS-2 particles measured at 20 °C in H2O/D2O mixtures. The 
intensities of scattering curves and fits are shifted for clarity reasons. The lines represent the model fits to 
the scattering data.  
A qualitative comparison of the form factor measurements in different D2O/H2O compositions 
shows that the characteristics of the scattering curve clearly depend on the solvent 
composition. Starting from the measurement in pure D2O (black curve) the form factor 
minimum shifts because the contributions from silica core and PNIPAM shell, respectively, 
change differently when the D2O/H2O ratio in the solvent is varied. To confirm the calculated 
match point for silica of 3.47∙10-6 1/Å² (≙ 58 wt% D2O and 42 wt% H2O) we extracted the 
intensity at a distinct q-value for the particles in all measured solvent compositions. The 
minimum of a parabola fit yields the point of zero average contrast (ZAC-point), compare 
Figure 17 in the supporting information. The measured value corresponds to a composition of 
62 wt% D2O and 38 wt% H2O and is thus in good agreement with the calculated value. The 
deviation of calculated and measured value lies within the error of the measurement.  
To obtain structural details the contrast variation data set was fitted simultaneously with the 
extended core-shell form factor model as described in the experimental section. The fact that 
all contrast situations can be fitted with that model simultaneously (compare Figure 13) with 
high accuracy shows that we found a structure that reflects the core-shell morphology 
realistically. Figure 14 shows the resulting density profile from the form factor analysis of the 
contrast variation series measured for CS-2 at 20 °C.  
1E-3 0.01 0.1 1
10
-6
10
-3
10
0
10
3
10
6
10
9
10
12
      0 wt% D
2
O
   9.7 wt% D
2
O
 33.1 wt% D
2
O
 42.5 wt% D
2
O
 52.5 wt% D
2
O
 80.7 wt% D
2
O
  100 wt% D
2
O
I(
q
) 
/ 
a
.u
.
q [1/Å]
 
 
Results 
41 
 
Figure 14: Radial density profile that describes the CS-2 particle morphology at T<VPTT obtained from the 
form factor model fit.  
The core region is described by a box profile as obtained from the fit of the pure core 
measurement. Surprisingly we found that a dense layer of PNIPAM near the silica particle 
surface is necessary to describe the shell at all contrasts appropriately. This is a distinct 
difference to PS-core PNIPAM-shell systems on the one hand and core-shell microgels which 
were also analysed by means of small angle scattering previously.[42, 53, 132]  The dense polymer 
layer in our system has a volume fraction of up to 40 % which is rather high for a microgel in 
the swollen state. We assume that the dense polymer layer results from the surface 
modification of the silica particles. In this step a monolayer of molecules with reactive double 
bonds are attached to the particles from which polymerization can start and a rather dense 
polymer region can form. The outer region of the shell is described by a polymer layer that 
decays from about 10 % volume fraction to zero at the surface of the particle.  
Additionally the structure of the core-shell particles at temperatures above the VPTT was 
analysed at three different contrasts and the form factors were analysed in accordance to the 
low temperature measurement (see Figure 15).  
  
Figure 15: (a) Form factor measurements series of CS-2 particles and corresponding fits of the core-shell 
microgels above the VPTT. (b) Resulting density profiles from the fits to the core-shell model. 
For conventional PNIPAM microgels above the VPTT the structure can be approximated with 
a polydisperse hard sphere like model. The optimum fits for our system at high temperature 
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were obtained for a box profile that again describes the core in the centre of the particle. The 
collapsed polymer shell can also be described with a single box profile of constant polymer 
density, despite the bi-layered structure that was necessary to describe the swollen shell. 
Furthermore, we investigated the systems CS-1 and CS-3 at two contrasts, namely at the 
scattering length density match-point of the core (62.6 wt% D2O in the D2O/H2O mixture) and 
in pure D2O. Additionally, the pitted particles were studied in D2O. Thus, the thickness of the 
shell as well as the density of polymer segments inside the shell can be determined for the 
systems dependent on cross-linking density and shell-thickness. The scattering curves are 
presented in a and 8b and the results of the fits are summarized in table S1 in the supporting 
information.  
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Figure 16: Experimental SANS scattering profiles of the core-shell particles in a mixture of 62.6 wt% D2O 
and 37.4 wt% H2O (closed symbols) and of the pitted particles in D2O (open symbols) at 50 °C (a) and 20 °C 
(b). The scattering curves of the pitted particles are vertically shifted by a factor of 100 for the sake of clarity. 
The solid lines are fits according to the form factor model. The corresponding radial density profiles 
calculated from the modelling procedure are shown in (c) for T> VPTT and (d) T< VPTT. Note that in the case 
of all pitted particles the void is much smaller than the original silica template core at both temperatures. 
The polymer shell swells into the void after the core is dissolved. This effect is less pronounced at high cross-
linking densities (PP-3).  
In the case of low cross-linker concentration (CS-1 and CS-2) the scattering curves of the pitted 
particles and the core-shell particles differ both above, Figure 16 row a) and below (Figure 16, 
row b) the VPTT. The positions of the form factor minima of the pitted particles are shifted to 
higher q values as compared to the core-shell particles at both temperatures, which indicates 
that the structure of the PNIPAM shell is different. This effect is less pronounced for CS-3/PP-
3, which reflects that the higher cross-linker content restricts the swelling of the shell after 
core dissolution. 
Furthermore, the form factor minima are less pronounced for the pitted particles in the 
swollen state compared to the core-shell particles. In principle the smearing of the minima 
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could originate from increased polydispersity. However, the size polydispersity should not 
change by dissolving the silica cores. It is known for swollen PNIPAM microgels that the 
smearing of the form factor minima is due to a smooth decay of segment density at the 
surface.[28] This behaviour is typical for colloidal PNIPAM and originates from the 
inhomogeneous spatial distribution of the cross-linker. This is because the cross-linker reacts 
faster than NIPAM during precipitation polymerisation, which leads to a preferential 
incorporation of the cross-linker at the beginning of the reaction.[17, 27]  
The qualitative analysis of the scattering curves already indicates structural changes in the 
polymer shell after dissolution of the silica core. The scattering curves were fitted with form 
factor models and density profiles were calculated in order to provide a quantitative 
description of the temperature-dependent structure of the shell. These form factor fits are 
shown as solid lines in Figure 16a and b. 
The scattering data of the core-shell particles in the collapsed state (50 °C) can be described 
with a core-shell model that consists of a box profile for the core as well as for the shell with 
a sharp interface at the particle surface (Figure 16, row c). At 20 °C, the rigid silica core still has 
a box profile, however, the density of swollen polymer shell cannot be described with a simple 
model of a smoothly decaying polymer density, as already discussed before in more detail.  
Next, we discuss the structure of the pitted particles, which was also analysed by means of 
SANS above and below the VPTT. In the collapsed state a box profile with sharp interfaces 
describes the scattering data with high accuracy, see dashed lines in Figure 16a and 16c. 
However, it is important to notice that the size of the void is diminished compared to the initial 
silica core. Obviously, the collapsed polymer shell intrudes the void and fills most of the 
volume previously occupied by the silica core. Again, this effect is less pronounced for the 
highly cross-linked species PP-3.  
The situation in the swollen state is even more complex. The polymer shell swells into the void 
and occupies a large fraction of the free space gained from the dissolution of the silica core. 
The PNIPAM shell reveals a complex density profile. The expansion of the PNIPAM shell on the 
outside seems to restrict the swelling of the polymer shell into the void. In the case of PP-3 
the shape of the density profile with two regions of different densities inside the shell is very 
pronounced. The shape of the profile is comparable to the shell profile before the dissolution 
of the core. Still, the shell intrudes the void but to a much smaller extent as compared to the 
other two systems. 
Different hollow polymer particle systems were reported during the last years. Rather large 
particles can be prepared with microfluidic, interfacial polymerization or layer by layer 
techniques.[93, 115, 133-134] For these particles with voids sizes in the micrometre size range a 
swelling of the shell to the inside, that diminishes the void size on nanometre scale, can be 
assumed as marginal. The swelling to the inside is, however, of great importance for smaller 
capsules with sizes in the nanometre range that are comparable to the system investigated in 
this study. So far, electron microscopy images and atomic force microscopy was used to 
characterize hollow spheres with temperature responsive shell.[59-60, 72, 125-126, 135-136] These 
techniques cannot provide quantitative data on the void size, shell thicknesses and polymer 
densities as derived from the SANS measurements and form factor analysis in this study. 
However, only a detailed knowledge of these properties allows to tailor systems that exhibit 
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e.g. distinct loading and release properties or that shall host smaller nanoparticles in the 
void.[137]      
The quantitative analysis of the SANS data obtained at different scattering contrasts 
demonstrates unambiguously that the polymer-free, “hollow” void inside the pitted particles 
is much smaller than the size of the original silica core. The pitted particles have indeed a 
central region that is free of polymer and can be called “hollow”. However, as long as the 
cross-linker content is low the void is rather small. The volume of the void is only 14 % of the 
core volume at 20 °C and only 5 % of the core volume at T>VPTT for the CS-2 system. For the 
highly cross-linked system, the void is still smaller compared to the initial core volume (31 % 
at 20 °C and 38 % at 50 °C), but the effect is less dramatic. However, the unique temperature-
sensitive, “smart” behaviour of PNIPAM[1] is only pronounced for particles with lower cross-
linker contents.  
This illustrates the structure-sensitivity dilemma of responsive hollow nanogels: Preparing 
hollow nanogels with a significantly large void requires a stiff shell of cross-linked polymer; a 
stiff shell, however, is hardly stimuli-sensitive. With higher cross-linker ratios the soft-sphere-
like behaviour of PNIPAM becomes less pronounced and the polymer network is more rigid.[57, 
138] However, it is exactly this softness and strong responsiveness of PNIPAM to temperature 
that make hollow temperature-sensitive polymer particles attractive for applications.[94, 104] In 
addition, increasing the cross-linking will decrease the shell permeability due to a reduced 
mesh size. Obviously a compromise between void size, sensitivity and shell permeability has 
to be chosen when designing hollow carrier systems. 
Our observations that (i) the void of the hollow particles is significantly smaller than the size 
of the original core and (ii) the density profile of the polymer shell is affected by core removal, 
need to be taken into account if such hollow particles are to be tailored for distinct 
applications.[104, 109, 113, 139] If the void shall be filled with e.g. small particles, the loading 
capacity of a pitted particle is restricted by the accessible void volume in the centre of the 
polymer particle.[63, 140]  
In conclusion we have presented a study on the structure of temperature-sensitive silica-
PNIPAM core-shell systems and the corresponding pitted particles after core dissolution. A 
detailed contrast variation measurement series revealed the structure of the core shell 
particles. A dense layer of PNIPAM near the silica particle surface was found, which is distinctly 
different from PS-core PNIPAM-shell and core-shell microgel systems.[42, 53, 132] 
 Furthermore the structure of the core-shell microgel is compare to the corresponding hollow 
spheres. We could show that the careful choice of the polymer thickness and connectivity can 
be used to tailor hollow particles with controlled void volumes and shell structures. SANS 
provided unique information on the structure of the particles, which is not accessible by 
means of electron microscopy or dynamic light scattering. Radial density profiles were 
obtained from an advanced form factor model. They clearly show that the void is formed but 
it is predominantly filled with polymer from the shell. Hence, the ‘free’ volume in the particle 
centre is strongly reduced compared to the initial volume of the silica template. A higher cross-
linking density can restrict the intrusion of the shell polymer into the void after core 
dissolution. Then, however, the temperature sensitivity of the capsule wall is nearly lost. 
These findings illustrate the structure-sensitivity dilemma of responsive hollow nanogels and 
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have to be considered if temperature-sensitive polymer based delivery systems shall be 
tailored.  
4.2.5. Supporting Information 
 
Figure 17: Evaluation of the point of zero average contrast at 20 °C. 
Table 4 summarizes the parameters that were obtained from the form factor fits at both 
temperatures. The fit parameter nomenclature corresponds to the nomenclature in Figure 9. 
The correlation to Figure 10 is as follows: 
 rcore = Wcore and rtotal = Wcore + 21 + Wsh,1 + 22 + Wsh,2 + 3. (31) 
Table 3: Summary of the parameters obtained by fitting the experimental I(q) according to 
 T [°C] 
Wcore 
[nm] 

[nm]
Wsh,1 
[nm] 
2 
[nm]
Wsh,2 
[nm]

[nm] 
ɸcore ɸsh,1 ɸsh,2 
CS-1 20 ±0.1 53 1 1 13 1 83 1 0.40 0.13 
CS-1 50 ±0.1 54 1 46 1 - - 1 0.70 - 
PP-1 20 ±0.1 16 19 13 10 42 26 - 0.05 0.06 
PP-1 50 ±0.1 37 1 56 1 - - - 0.62 - 
CS-2 20 ±0.1 55 1 1 7 1 350 1 0.39 0.10 
CS-2 50 ±0.1 54 1 22 1 - - 1 0.70 - 
PP-2 20 ±0.1 16 18 13 9 1 29 - 0.08 0.05 
PP-2 50 ±0.1 12 1 53 1 - - - 0.61 - 
CS-3 20 ±0.1 65 1 1 10 1 29 1 0.27 0.1 
CS-3 50 ±0.1 63 1 25 1 - - 1 0.7 1 
PP-3 20 ±0.1 47 8 1 9 1 22 - 0.29 0.18 
PP-3 50 ±0.1 51 1 27 1 - - - 0.7 - 
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4.3. Core-shell-shell and hollow double-shell microgels with advanced temperature 
responsiveness3 
4.3.1. Introduction 
Polymer colloids with core-shell and hollow morphology have been intensely studied recently 
due to their promising properties for applications in industrial and biomedical fields.[45, 51, 104, 
109, 115, 141] Core-shell structured colloids provide the possibility to combine two materials in 
one particle but nevertheless keep the components predominantly spatially separated. These 
separated regions can provide distinct sensitivities to external stimuli like pH or temperature 
combined in one particle.[53, 142-144] Multifunctional hollow systems are especially promising 
because the morphology of the outside can be controlled to tune the interaction with the 
surrounding medium and the inside provides a potentially different interaction with the 
materials that are encapsulated.   
Poly(N-isopropylacrylamide) (PNIPAM) and poly(N-isopropylmethacrylamide) PNIPMAM are 
two excellent examples for smart, temperature sensitive polymers. They exhibit a volume 
phase transition (VPT) at temperatures of 32 °C (PNIPAM) and 42 °C (PNIPMAM) in water.[1] 
Berndt et al. combined PNIPAM and PNIPMAM in core-shell microgels and revealed that 
particles with unique doubly temperature sensitive behavior can be prepared.[42, 53]    
The combination of organic and inorganic components in a core-shell like structure is also 
possible.[46, 48] Silica-PNIPAM core-shell particles exhibit e.g. promising properties for the 
formation of photonic materials.[58, 145] They combine the high refractive index of silica with 
the unique temperature responsive crystallization behavior of PNIPAM.   
Hollow spheres can be prepared by dissolving a sacrificial core from core-shell colloids with an 
appropriate solvent.[72, 125, 146] Silica nanoparticles are especially suited as core material as they 
can be easily removed with hydrofluoric acid or sodium hydroxide solution.[59, 64] The resulting 
nanometer-sized smart, i.e. thermoresponsive, hollow polymer particles have promising 
properties for storage, protection, delivery and release applications.[107, 147-148] 
In this contribution we present two systems. First, core-shell-shell particles with a silica core 
and two concentric shells of PNIPAM and PNIPMAM are presented. The particles are prepared 
in two consecutive seed and feed polymerizations. In the first synthesis step the PNIPAM shell 
is attached to a functionalized silica core resulting in core-shell particles with a single shell (in 
                                                     
3 This chapter was accepted for publication in Macromolecular Rapid Communications. The 
study was performed in a collaboration with the co-authors. Within the context of the 
bachelor thesis from Katja Nothdurft, which was supervised by me, the double-shell 
particles were prepared. Under my supervision all measurements were performed and all 
results discussed and interpreted in collaboration with Katja. Furthermore, I prepared the 
manuscript. 
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the following abbreviated CS). In the second step a shell made of PNIPMAM is added. This 
leads to the formation of doubly temperature sensitive core-shell-shell particles (CSS). 
Furthermore, we dissolve the sacrificial silica cores from both the CS and CSS species to obtain 
hollow particles that either exhibit a single VPT at 32 °C (HS) or are doubly temperature 
responsive (HSS) with VPTTs of 32 °C and 42 °C. Thus, the hollow particles exhibit a complex 
structure that can be tuned by the surrounding temperature: At T < 32 °C both, the inner and 
the outer shell are highly swollen with water. At 32 °C < T < 42 °C the inner PNIPMAM shell is 
collapsed but the outer PNIPMAM shell remains in the swollen state. Both shells are collapsed 
if the temperature is further increased (T > 42 °C) resulting in hollow particles with a compact 
and dense shell.  
4.3.2. Experimental Section  
Materials 
Ammonia solution (28 - 30 %, Merck, Darmstadt), bisacrylamide (BIS, Applichem), ethanol 
(Merck, Darmstadt), N-isopropylacrylamide (NIPAM, Acros Organics), 
N-isopropylmethacrylamide (NIPMAM, Sigma Aldrich), potassium peroxodisulfate (KPS, Acros 
Organics), sodiumdodecylsulfate SDS, Merck, Darmstadt), sodium hydroxide solution (NaOH, 
Applichem), tetraethylorthosilicate (TEOS, Merck, Darmstadt), 
3-(trimethoxysilyl)propylmethacrylate (MPS, Sigma-Aldrich), polyvinylpyrrolidone (PVP,).   
Particle synthesis 
The silica particles were synthesized by the well-known Stoeber process.[55] Ammonia (11 mL) 
and ethanol (130 mL) were mixed in a three-neck round bottom flask, equipped with a reflux 
condenser. The solution was equilibrated at 50 °C before a preheated solution of TEOS (5 mL) 
in ethanol (15 mL) was added. After 12 hours reaction time, the surface of the silica 
nanoparticles was modified with MPS.[149] Centrifugation and redispersion in fresh solvent was 
used to purify the particles. Subsequently, the particle concentration was increased by a factor 
of ten to obtain a stock solution with appropriate particle number concentration.  
For the CS synthesis one fourth of the core stock solution was added to a degassed mixture of 
NIPAM (1075 mg), BIS (78.8 mg) and stabilizer (PVP, 100 mg) in water (100 mL). To initiate the 
reaction 1 mL of a KPS solution (10 mg /mL) was added. Centrifugation was again applied to 
purify the particles from unreacted monomer and short chain oligomers. Afterwards the core-
shell particles were lyophilized. 
The second shell was added in the same manner. A mixture of NIPMAM (515 mg), BIS (22 mg) 
and stabilizer (SDS, 1 mg/mL) dissolved in 67 mL bidestilled water was degassed at 70 °C. 
200 mg of the CS particles were added and the solution was equilibrated. KPS (10 mg) in water 
(1 mL) started the reaction. Centrifugation and lyophilization were applied to purify and dry 
the CSS particles.  
The HSS particles were prepared by dissolving one fourth of the CSS particles in 20 mL of NaOH 
(0.05 M). The dispersion was stirred for 72 hours at 42 °C to dissolve the silica core. 
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Subsequently the mixture was extensively dialyzed against NaOH (0.05 M) and water until the 
pH was neutral. The sample was lyophilized for storage and further measurements.      
Characterization 
Transmission electron microscopy (TEM) 
Samples for TEM were prepared by drying droplets (5-7 L) of highly diluted, aqueous particle 
dispersions on standard TEM grids made of copper (200 mesh) coated with a membrane of 
carbon. The specimens were examined using a Zeiss CEM902 transmission electron 
microscope operated at an acceleration voltage of 80 kV. 
Dynamic light scattering (DLS)  
Dynamic light scattering measurements were performed on an ALV setup that contains an ALV 
5000 goniometer and a HeNe laser with a wavelength of 633 nm. A toluene index matching 
bath was used to control the temperature of the sample via an external programmable 
thermostat (Julabo F32) with an accuracy of +/- 0.1 °C. Measurements were performed at 
three angles for each temperature. From a linear fit of the decay rate Γ vs. the square of the 
momentum transfer q² the diffusion coefficient D is extracted.[150] From D, Rh is calculated 
using the Stokes-Einstein equation. The samples were highly diluted to avoid multiple 
scattering.       
Static light scattering (SLS) 
SLS measurements were performed on two devices with different laser wavelength to cover 
a broad q-range. (Fica, 633 nm and SoFica 405 nm, both SLS-Systemtechnik Denzlingen). The 
temperature during the measurements was controlled via external thermostats that adjust 
the temperature of the toluene index matching bath. All samples were again highly diluted to 
avoid multiple scattering.    
4.3.3. Results and Discussion  
The preparation process for doubly temperature responsive core-shell microgels is depicted 
schematically in Scheme 1. The CS and CSS particles are prepared such that the polymer 
networks are formed in the collapsed state, i.e. at temperatures above the VPTT of the 
respective polymers. Lowering the temperature will first lead to swelling of the outer 
PNIPMAM shell and at T < 32 °C to the swelling of the inner PNIPAM layer (see Scheme 1).  
The sacrificial silica cores are prepared in a Stoeber synthesis process.[55] This procedure allows 
for the fabrication of particles with distinct sizes in the nanometer range that exhibit narrow 
size distributions. To prepare the cores for the shell synthesis a modification of the silica 
surface with MPS is required. In this step, reactive functionalities are introduced to the particle 
surface.[56] Thus, a chemical connection between core and shell can be formed during the shell 
polymerization. After purification, the modified silica particles are used as seeds in the 
PNIPAM shell synthesis.  
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Scheme 1: Depiction of the synthesis process for doubly temperature responsive core-shell-shell microgels 
and hollow spheres. 
Core-shell particles (CS) are formed in the next synthesis step. Figure 18a shows TEM images 
of the silica-core PNIPAM-shell particles in the dried state.  
  
Figure 18: TEM images of (a) the silica-core PNIPAM-shell particles and (b) the corresponding single-shell 
hollow spheres (HS). 
The core is clearly visible in the polymer network due to the higher electron density of silica 
compared to PNIPAM. Thus, the core-shell morphology can be clearly identified. Figure 18b 
shows the particles with one shell after the core is dissolved, namely the hollow spheres (HS). 
The central region of these particles is considerably lighter compared to the parent CS system, 
which clearly indicates that the core has been removed successfully.  
In the following the silica-PNIPAM microgels (CS) are used as seeds in a second polymerization 
step in which the PNIPMAM shell is attached to obtain doubly thermoresponsive core-shell-
shell particles (CSS). Figure 19a shows the temperature dependent hydrodynamic radii of the 
CS and CSS particles and the temperature independent size of the silica cores (indicated as 
solid line). The success of the second synthesis step is revealed by the increased particle sizes 
of the CSS particles compared to the initial CS particles as well as the second VPT at 43 °C that 
corresponds to the PNIPMAM collapse.  
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Figure 19: Temperature dependent hydrodynamic radius of the a) core-shell particles with a single PNIPAM 
shell (CS, grey symbols) and with a PNIPAM/PNIPMAM double shell (CSS, black symbols). b) Corresponding 
measurements of the particles after dissolution of the silica core: hollow particles with a single PNIPAM 
shell (HS, grey symbols) and with a PNIPAM/PNIPMAM double shell (HSS, black symbols). c) shows a 
comparison of the Rh of all species. The boxes in a and b highlight the region of the VPT of the PNIPAM 
layer. 
At all temperatures, i.e. at all degrees of swelling the size of the CSS particles is larger than the 
size of the CS particles (a). The shell thickness of the inner PNIPAM shell is 80 nm in the 
collapsed state (at 50 °C) yielding an overall CS particle radius of 150 nm ± 8 nm. After the 
addition of the outer PNIPMAM shell the overall particle radius at 50 °C is 187 nm ± 9 nm 
which corresponds to an outer shell thickness of 37 nm for the collapsed PNIPMAM shell. 
Figure 19a reveals additionally the temperature dependent swelling of both the single-shell 
core-shell particles (CS) and the core-shell-shell particles (CSS). The CS particles exhibit the 
typical temperature dependency of the particle size for PNIPAM based colloids: at low 
temperatures (15 - 25°C) the particle radius decreases only slightly until a more pronounced 
decrease occurs in the vicinity of the volume phase transition temperature (32 °C). The 
particles shrink further until they have reached the fully collapsed state. The region around 
the VPTT of PNIPAM is indicated with a box in Figure 19 a and b. In this temperature range the 
radius of the CS particles decreases tremendously since the particles collapse. However, for 
the CSS particles the collapse of the inner PNIPAM shell at 32 °C is not as clearly pronounced 
anymore. The outer PNIPMAM shell clearly influences the swelling of the inner PNIPAM shell 
at T < 32 °C. The collapse of the outer PNIPMAM shell however, is highly distinct at 42 °C.  
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Figure 19b shows the corresponding hollow sphere systems with one shell (HS) and two shells 
(HSS), respectively. The swelling behavior of the HS particles is very similar to the behavior 
found for the CS particles. The PNIPAM transition can be observed around 32 °C and the 
particle size reaches a plateau (approx. 150 nm) at high temperatures. Thus, the core 
dissolution does not have a significant influence on the swelling properties of the particles to 
the outside. However, it is likely that a certain swelling into the free void of the particles occurs 
which cannot be detected with DLS.  
The HSS particles on the contrary show two distinct transitions at 32 °C (PNIPAM) and 42 °C 
(PNIPMAM). This shows that the dissolution of the core changes the swelling properties of the 
inner shell in the HSS particles. Given that this was not the case for the single HS system a 
distinctive influence of the outer shell on the swelling properties of the inner shell can be 
inferred.  
To illustrate the different swelling properties directly we compare the temperature-
dependent hydrodynamic radius evolution for all systems in Figure 19c. The particle sizes at 
high temperatures are not affected by the core dissolution. CS and HS as well as CSS and HSS 
have very similar sizes at 50 °C. However, it is once more clearly visible that the core 
dissolution affects the swelling in the HSS particles and that larger radii are obtained for the 
HSS particles compared to the CSS particles below the VPTT of PNIPAM. DLS measurements 
probe the diffusion of our particles, which is directly related to the hydrodynamic volume. 
Hence only the outer hydrodynamic dimensions of the particles are accessible from DLS. In 
contrast static scattering experiments provide additional information on the structure and 
potential structural changes of the colloids.    
The static light scattering measurements shown in Figure 20 reveal structural changes in the 
particle shells with varying temperatures. 
 
 
 
 
 
Results 
53 
  
  
Figure 20: Static light scattering data of the CS (a), HS (b), CSS (c) and the HSS particles (d) at different 
temperatures. 
The differences in the scattering behavior at the investigated temperatures result from an 
overall size change on the one hand and structural changes of the shell on the other hand. 
Larger particle sizes lead to a shift of the form factor minimum to lower q-values. Thus, a 
comparison of the single-shell species (CS (a), HS (b)) with the corresponding double-shell 
species (CSS (c), HSS (d)) shows, that the first form factor minimum is shifted to smaller q-
values for the larger, double-shell particles. A comparison of the form factors at 40 °C and 
20 °C shows that for lower temperatures, i.e. larger particle sizes, the form factor minima also 
shift to smaller q values in all systems.  
A comparison of the scattering curves of the CSS systems at 40 °C and 50 °C (c) reveals that 
the minimum does not shift further to the low-q regime as expected when the outer 
PNIPMAM shell swells (40 °C), as is observed in DLS. This is due to the fact that the scattering 
intensity and the form-factor depends strongly on the scattering length density, which is not 
homogeneously distributed inside the particles. In this rather complex system that consists of 
a core and two different shell polymers there are three resulting contrasts that have a distinct 
influence on the scattering behavior. Additionally, the two polymer contrasts change with 
temperature. At 40 °C the swollen, outer PNIPMAM shell strongly influences the dynamics of 
the particles, measured as an increase of the hydrodynamic radius, but has only a weak 
contribution to the scattering intensity probed in the static scattering experiment. 
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However, the minimum in the HSS scattering curve shifts slightly to smaller q when the 
temperature is decreased from 50 °C to 40 °C. As the core is no longer present in this system 
changes in the shell have a more distinct impact on the scattering curve.  
Nevertheless, next to this qualitative description of the scattering behavior a modelling 
approach is required to describe the scattering curves quantitatively and which will provide 
details of the particle morphology and properties. It was shown before that small angle 
neutron scattering in combination with form factor analysis is a useful method to reveal the 
polymer density distribution in microgel particles.[28, 151] These rather complex investigations 
are however, beyond the scope of this manuscript but will be performed in the future. 
Our findings from static and dynamic light scattering measurements reveal the mutual 
influence of the swelling properties of the shells and are in accordance with results previously 
reported by Berndt et al. on conventional core-shell microgels.[42, 53] They showed that core 
and shell polymers in PNIPMAM-core-PNIPAM-shell microgels interpenetrate at the 
PNIPMAM-PNIPAM interface and that core and shell mutually influence each other’s swelling 
properties. Lyon et at. showed with fluorescence resonance energy transfer (FRET) how shells 
can restrict the swelling of a core component in a PNIPAM core-shell microgel.[152] 
Furthermore, one can assume that the distinct swelling properties of the inner and outer shell 
in the CSS and HSS system can be tuned individually by changing the shell thicknesses and 
cross-linker contents, similarly as demonstrated for conventional core-shell particles.[41] The 
additional swelling into the void enables tuning the properties of responsive hollow microgels 
for various applications as e.g. in controlled uptake and release.   
4.3.4. Conclusion 
In summary we have synthesized a doubly thermoresponsive core-shell-shell system from 
which doubly thermoresponsive hollow particles were derived by dissolving the sacrificial 
core. The successful core dissolution was confirmed by TEM analysis of samples prior and after 
treatment with sodium hydroxide. In order to study the thermoresponsive behavior of the 
different particles we performed DLS measurements over a broad range of temperatures. As 
long as the core is still present in the core-shell-shell particles, the collapse of the inner shell 
(PNIPAM) is restricted. The outer shell (PNIPMAM) however, shows a distinct volume phase 
transition at approx. 42 °C. After the core is dissolved the inner shell swells considerably 
stronger and the particle sizes at low temperatures are larger compared to the core-shell-shell 
system. Static light scattering measurements indicate that apart from changes in particle size 
structural changes occur in the inside of the hollow microgels. This will be addressed in detail 
in a future study where small angle neutron scattering will be applied. With this work we 
presented a versatile approach to prepare hollow particles with individually tunable 
properties on the particle inside and outside for possible applications as multifunctional smart 
material.  
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4.4. Polystyrene/PNIPAM Core-Shell Particles and the Influence of the Core 
Dissolution on the Particle Structure 
4.4.1. Introduction 
Microgels are spherical, cross-linked polymer networks in the nanometre to micrometre size 
range that swell in a suitable solvent. Microgels exhibit thermoresponsive behaviour in water 
when N-isopropylacrylamide (NIPAM) is used as the main monomer in the particle synthesis. 
PNIPAM polymer undergoes a volume phase transition at 32 °C and the particle size decreases 
drastically.[1] PNIPAM microgels offer a wide range of opportunities for applications[2] in 
industry[153] and medicine[5] due to the polymers’ unique properties and were therefore 
extensively studied over the last decades.[1, 154-155] Small angle X-ray and neutron scattering 
experiments have proven to be a very powerful tool to achieve a better understanding of the 
structure[28] the formation process under different reaction conditions[31, 156] and solvent 
interactions[142, 151, 157] of microgels. Furthermore, derivatives of conventional microgels were 
developed. They combine properties of e.g. inorganic species like gold and silica with the 
thermosensitive behaviour of PNIPAM.[46, 52, 158] Additionally different types of polymers like 
polystyrene (PS) or polydiethylacrylamide (PDEAM) where synthetically combined with 
PNIPAM in various architectures[44, 151] whereat the core-shell structure is probably the most 
common form.[72, 159] 
A further exciting field in PNIPAM research is the development of PNIPAM capsules. One can 
easily imagine promising properties for the uptake of guest molecules in the polymer void in 
high concentrations and a temperature-controlled release through the PNIPAM network.[63, 
160] Different approaches like interfacial polymerization[161] and microfluidic processes[67] have 
been pursued to establish hollow PNIPAM spheres in different sizes and formats. The most 
common approach is doubtlessly the synthesis of core-shell particles with sacrificial cores and 
a subsequent dissolution of the template.[60, 72, 125] However, it is crucial to understand the 
structure and behaviour of this particle type in solution first to get a better notion of the 
potential to apply hollow PNIPAM spheres. Small Angle Neutron Scattering (SANS) provides a 
powerful ensemble measurement technique that delivers high quality information about the 
structure and behaviour of PNIPAM species in solution at different temperatures[57, 132]. The 
possibility to vary the contrast of the solvent just by changing the ratio of deuterated to 
protonated component (e.g. D2O/H2O) leads to an outstanding position of SANS in the field of 
small angle scattering techniques. If a particle consists of different species (e.g. in core and 
shell), the parts can be either individually highlighted or contrast matched and thus hidden 
just by choosing an appropriate solvent composition.[80]   
In this work, core-shell systems made of a polystyrene core and a PNIPAM shell are presented. 
The behaviour of the particles after the core dissolution were investigated. We analysed 
different core-shell systems to get an insight in the properties of this system. The first particle 
type (D-CS) consists of a conventional protonated PNIPAM shell and a deuterated polystyrene 
core. Consequently, the big difference in the scattering length density of both polymers (D-PS, 
H-PNIPAM) facilitates the performance of contrast variation experiments. The second particle 
type consists of conventional protonated polymers in core and shell (H-CS). Complementary 
to neutron scattering experiments, dynamic light scattering was applied to determine the 
hydrodynamic radii and swelling behaviour of the species at hand. 1H-NMR experiments were 
used to investigate the core dissolution process. The possibility of a shape deformation that 
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might occur after the core dissolution and the possibility of fracture of the PNIPAM shell are 
the main questions that have been investigated in this project. The possibility of a shell 
deformation was already discussed for PNIPAM microcapsules with a hydrophobic corona 
consisting of polyethyleneoxide-polyisoprene copolymers.[162] Also capsules derived from PS-
core-PNIPAM-shell particles showed deformation in electron microscopy experiments.[60] But 
to the best of our knowledge, no attempts have been performed to characterize the actual 
morphology in solution at different temperatures using small angle scattering techniques. 
However, this is essential to understand how hollow “hollow particles” really are and going 
along with that question, what properties for applications can be anticipated. Small angle 
scattering techniques have already been applied to enlighten this topic in the field of inorganic 
hollow nanoparticles.[61, 163] However, the swelling ability and softness of PNIPAM networks 
theoretically allow for a deformation compared to e.g. stiff inorganic Fe3O4 hollow spheres. 
Altogether, the present study aims at better understanding the structure and morphology of 
core-shell microgels and “hollow” PNIPAM species. 
4.4.2. Experimental section 
Materials 
N-Isopropylacrylamide (NIPAM, Sigma Aldrich), N,N´-methylenebisacrylamide (BIS, Fluka), 
sodiumdodecylsulfate (SDS, Fluka), potassium peroxodisulfate (KPS, Alfa Aesar), deuterated 
styrene (sigma aldrich), styrene (Merck), methacryloxyethyl thiocarbomyl rhodamine B (MRB, 
Polyscience), dimethylformamide (DMF, Merck), calciumchloride (VWR). All chemicals were 
used as received. Millipore water was doubly distilled before it was used in synthesis and for 
sample preparation.  
Synthesis of PS cores and core-shell microgels 
The synthesis of core-shell particles consisting of PS core and PNIPAM shell of different 
thicknesses has been reported manifold for different core sizes and shell thicknesses.[72, 164] 
The synthesis procedure is summarized for the deuterated particle system exemplarily. The 
cores were synthesized via emulsion polymerization. The reaction was carried out in a 500 mL 
three neck glass vessel equipped with nitrogen inlet, mechanical stirrer and condenser. Briefly, 
5.0 g styrene-d8, 229 mg SDS and 557 mg NIPAM were dissolved in 250 mL doubly distilled 
H2O. The mixture was stirred at 240 rpm, heated to 75 °C and degassed for one hour. 444 mg 
KPS dissolved in 15 mL degassed water initiated the reaction. The polymerization was stopped 
after 8 hours by cooling the vessel down to room temperature. The suspension was filtered 
through glass wool to remove the few agglomerates that appeared during the synthesis and 
purified via repeated centrifugation and subsequent redispergation in fresh water. After the 
last centrifugation step the concentration was determined to 15.56 mg/mL. 
For the shell synthesis a seeded polymerization process was performed using the basic setup 
described for the core synthesis. Namely, 65 mL of the core stock solution were diluted with 
160 mL of water and 127 mg of SDS were added. The mixture (seed solution) was heated to 
75 °C and degassed for one hour. For the feed solution, 2.74 g NIPAM and 222 mg BIS were 
dissolved in 36 mL of water. 7.5 mg MRB were dissolved in 10 mL of water in an ultrasonic 
bath due to the low water solubility of the dye. 8 mL of the dye solution were subsequently 
added to the feed solution over a 5 µm syringe filter to prevent that undissolved dye is 
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transferred to the reaction mixture where it could disturb the polymerization process. The 
initiator solution contained 83 mg KPS in 7 mL degassed H2O. The initiator was added to the 
seed solution to start the shell polymerization. 36.5 mL of the feed solution were subsequently 
added via a syringe pump with the speed adjusted to 0.25 mL/min to avoid hetero nucleation 
of PNIPAM. After the addition of the feed solution the reaction was allowed to proceed for 
further 4 hours before it was cooled down to room temperature and filtered through glass 
wool. Subsequently, three centrifugation and redispergation cycles were used to purify the 
particle solution. The dispersion was freeze dried for storage. 
Preparation of hollow spheres 
Dried core-shell particles were dissolved in DMF (c = 22 mg/mL), which is a good solvent for 
PS and PNIPAM. The mixture was stirred for at least 24 hours at room temperature to give the 
PS core sufficient time to dissolve. The dropwise addition of calcium chloride solution (c = 
0.2 g/mL) leads to precipitation and aggregation of the dissolved PS chains whereas the 
PNIPAM network should stay intact due to cross-linking. The precipitate was separated via 
centrifugation at 5000 rpm and redissolved in fresh DMF. The process was repeated until the 
supernatant stayed clear and no further PS could be precipitated via water addition from the 
DMF phase. The PNIPAM phase was collected and subsequently dialysed against Milli-q water 
until the conductivity reached the water value. In the case of protonated PS containing 
particles 1H-NMR experiments were performed to investigate the success of the separation of 
PNIPAM from PS. 
Dynamic light scattering (DLS) measurements were performed on an ALV goniometer with a 
programmable cryostat to control the temperature of the sample. The applied laser 
wavelength was 633 nm. All samples were prepared from lyophilized particles and were highly 
diluted in water to avoid multiple scattering during the measurements. The duration of each 
measurement was 60 s. The temperature-dependent runs were performed at scattering 
angles of 35°, 45° and 60°. The obtained data were evaluated using the following procedure: 
The first cumulants from a second order cumulant fit were plotted against q² and linearly fitted 
to extract the diffusion coefficient from the slope of the linear regression. The Stokes-Einstein 
equation was applied to calculate the average hydrodynamic radius Rh from the diffusion 
coefficient for each temperature. The cores were measured angle-dependent in 5° steps at 
20 °C. 
Small Angle Neutron Scattering (SANS) experiments were performed at the D11 beamline at 
the Institute Laue-Langevin (ILL) in Grenoble, France and the KWS 2 beamline at the FRM II in 
Garching, Germany. For the experiments at D11 in France the following parameters were 
applied:  
A neutron wavelength of 6 Å was chosen with a wavelength spread Δλ/λ = 9%. The data were 
collected on a ³He gas detector with an area of 96 x 96 cm² and a pixel size of 7.5 x 7.5 mm². 
Detector distances of 1.2 m, 20 m and 39 m were used for all samples to cover a broad q-range. 
Additional measurements were performed at 8 m detector distance to have a better 
resolution for samples with highly oscillating form factors at intermediate q-values. The 
incoherent scattering of water was used for absolute intensity calibration and all scattering 
curves were corrected for incoherent background scattering from the solvents according to 
the standard procedure of the ILL.  
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For the measurements at the KWS 2 a neutron wavelength of 5 Å was applied with a 
wavelength spread of Δλ/λ = 20 %. The detector distances were chosen to 2 m, 8 m and 20 m. 
The detector had a spatial resolution of 5.25 x 5.25 mm² with 128 x 128 channels. Absolute 
calibration was done by means of a standard PMMA sample.  
The sample concentration in all measurements was chosen between 0.2 % (w/w) and 
0.5 % (w/w) to obtain sufficient scattering signal from each sample. However, the 
concentration was low enough to prevent the formation of large scale structures like crystals 
in the solution. 
4.4.3. Results and Discussion 
The first particle type (D-CS) consists of a deuterated PS core (D-core) and a protonated 
PNIPAM shell. The second and third type (H-CS1 and H-CS2) have conventional protonated 
cores (H-core) and protonated PNIPAM shells. They differ in their shell thickness (277 nm and 
143 nm at 20 °C) and cross-linker content in the shell (4.6 % (mol/mol) and 3 % (mol/mol)). 
Therefore, one system has a rather stiff and thick shell and the other a thin shell with lower 
cross-linking density. However, the D-CS particles obtain a thin shell (43 nm) that is highly 
cross-linked (6 mol%). These different combinations of shell thickness and cross-linker density 
should give an insight weather the cross-linker density or shell thickness influence the stability 
of the hollow particles. 
PS-core synthesis 
The synthesis of PS-PNIPAM copolymer cores that act as sacrificial cores in the hollow particle 
preparation is well-established and has been investigated in detail by Hellweg et al.[45, 165] They 
found out that a core-shell like structure with low polydispersity is formed in situ during the 
copolymerization. The more hydrophilic PNIPAM is located at the particle surface. The thin 
PNIPAM layer acts as linker for the outer PNIPAM shell that is added in the second synthesis 
step. Referred to the amount of PNIPAM used in the core synthesis a layer thickness of 1 – 
3 nm (Table 4) is formed assuming a homogeneous conversion of styrene and PNIPAM in the 
synthesis. These calculated values are in good agreement with experimentally determined 
values by Ballauff et al. using Small Angle X-Ray Scattering (SAXS) in their experiments.[166] 
They also proofed that the particle cores show no temperature dependent size change 
although a small amount of PNIPAM is included.  
DLS experiments were used to determine the overall hydrodynamic radii of the core particles 
and characterize the swelling behaviour of the core-shell system and the hollow system. For 
the cores the decay rate reveals a linear dependence with q² over a very large q range, which 
indicates that spherical particles were formed and no aggregates are present in the system 
(Figure 21a). The average hydrodynamic radii Rh are 62 nm for the D-cores and 85 nm and 
65 nm for the H-cores H-C1 and H-C2 (Table 4). 
The molecular weight of the core polymers was determined using GPC. They exhibit a rather 
wide distribution with a mean molecular weight varying between 9·104 and 6.9·105 g/mol for 
the analysed cores. For a summary of the core characteristics see Table 4. 
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Table 4: Summary of core characteristics 
 
Mw 
 [g/mol] 
PDI from GPS 
(Mw/Mn) 
Rh Core 
 [nm] 
Calculated thickness  
of the PNIPAM layer  
in core [nm] 
D-C 1.43·105 1.4 62 2.1 
H-C1 9.02·104 3.5 85 2.9 
H-C2 6.87·105 1.7 65 1.1 
The shell synthesis was successful and induced a temperature dependent swelling behaviour 
in the core-shell particles (Figure 21 b-d).  
a b 
 
 
 
c d 
 
 
 
Figure 21: a) Plot of the decay rate vs. q² for angular dependent dynamic light scattering measurements of 
the cores. The slope equals the diffusion coefficient which can be used to calculate the hydrodynamic radii 
of the particles using the Stokes-Einstein equation. b)-d) Temperature-dependent DLS measurements 
(heating and cooling cycle) of the core-shell particles (b: D-CS, c: H-CS1 d: H-CS2) including the mean 
hydrodynamic radii of the corresponding core particles (lower curves). 
The hydrodynamic radius of the D-CS particles below the VPTT at 20 °C is 105 nm and in the 
shrunken state at 45 °C Rh=73 nm. For the H-CS1/H-CS2 particles the hydrodynamic radii at 
20 °C are 362 nm / 208 nm and above the VPTT 153 nm / 92 nm. The resulting shell thickness 
calculated from the DLS measurements is 43 nm (20 °C) and 11 nm (40 °C) for the d-CS particles 
and 277 nm / 143 nm (20 °C) and 68 nm / 27 nm (40 °C) for the H-CS1/H-CS2 system, 
respectively. The results from the DLS measurements are summarized in Table 5. The above 
mentioned dimensions of the PS-core-PNIPAM-shell particles are comparable to systems 
reported in literature[60]. However, when the shell thickness of a hollow sphere is sufficiently 
low, a distinct characterization of the particle morphology on the basis of the pair distance 
distribution function obtained from scattering measurements is possible. For detailed 
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information on pair distance distribution functions compare Glatter[167]. The probability to find 
short distances between scattering centres in a hollow particle is lower than the probability 
to find long range distances. That is why the ideal curve of the PDDF of a hollow sphere has a 
maximum that is shifted to the right (higher r values). 
Table 5: Summary of the DLS results for the core-shell particles   
 BIS in shell 
[% mol/mol] 
Rh CS 20 °C 
[nm] 
Rh CS 40 °C 
[nm] 
Shell- 
thickness 
20 °C [nm] 
Shell- 
thickness 
40 °C [nm] 
D-CS 6 105 73 43 11 
H-CS1 4.6 362 153 277 68 
H-CS2 3 208 92 143 27 
Small angle neutron scattering is a useful tool to characterize particle structures. A form factor 
analysis can give insight in the shape and size as well as in the size distribution of a particle 
type. However, one should note that the determination of a shape from a scattering 
experiment is far from trivial and that more than one model might be able to describe a 
scattering curve. It is therefore useful to apply complementary methods like electron 
microscopy that provides independent information on the system. Nevertheless, the most 
important advantage of scattering experiments compared to e.g. microscopy techniques is the 
possibility to measure in solution and thus to perform experiments at different temperatures. 
This is especially important for thermosensitive polymers like PNIPAM. In this contribution the 
possibility to vary the contrast of the system by changing the ratio of protonated to deuterated 
solvents was exploited. This allows for the direct comparison of the structure of the particles 
after core dissolution with the core-shell particles when the core is solvent matched. This 
direct comparison clarifies if the simple idea of dissolving the core from a core-shell particle 
to obtain a hollow capsule is valid for this system or not. First, the point of zero average 
contrast (ZAC point) for the particle cores was determined (Figure 22). Calculations of the 
scattering length density (SLD)[131] yield values of 6.47·10-6 Å-2 for deuterated PS and 
8.69·10-7 Å-2 for protonated PNIPAM. The experimentally determined SLD for PS-d8 is 
6.26·10-6 Å-2. The deviation of 3 % is very low and lies within the experimental error. One 
should note that measurements near the ZAC point have a low intensity by nature and 
therefore a rather large experimental error. A second reason for the discrepancy of calculated 
and measured SLD lies in the degree of deuteration. The applied styrene monomer has a 98% 
degree of deuteration. The calculations on the other hand are performed for a theoretically 
100% deuterated system. Small amounts of protonated PS are also detectable in 1H-NMR 
measurements.  
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Figure 22: Scattering intensity versus solvent composition plotted for different q-values. The line 
corresponds to a parabola fit. The minimum obtained from the parabola fit yields the point of zero average 
contrast from which the SLD of the particle cores can now be calculated to 6.26·10-6 Å-2. This value is in 
good agreement with the theoretically calculated value of 6.47·10-6 Å-2. 
The form factor measurement of the D-core particles was performed in a D2O/H2O = 1 mixture 
in order to obtain sufficient contrast to the deuterated polymer spheres (Figure 23). The form 
factor shows pronounced oscillations in the intermediate q-regime which indicates a low 
polydispersity. A form factor model fit was performed using the established fit routine 
provided from NIST.[168] The fit with a polydisperse hard sphere model yields a radius of 49 nm 
and a polydispersity of 6 %. The results from the DLS and SANS are therefore in good 
agreement. 
 
Figure 23: SANS profile for the deuterated core particles measured in a mixture of D2O/H2O=1 at 20 °C. The 
fit with a polydisperse hard sphere model leads to a radius of 49 nm and a polydispersity of 6 %. 
Figure 24 shows the form factor of the D-core-shell particles in two different solvent 
compositions at 20 °C. Namely a D2O/H2O=1 mixture was used to obtain scattering 
contributions from both core and shell. Pure D2O was used to obtain information on the shell 
only (the core is matched). One can clearly see that the form factor is changing significantly 
with solvent composition. The first minimum shifts to lower q values when the solvent is 
changed to pure D2O.  
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Figure 24: Scattering curves for the deuterated core-shell particles (D-CS) in full contrast (50 % D2O, open 
triangles) and shell contrast (100 % D2O, open circles) at 20 °C including the fits for the calculation of the 
PDDFs. 
 The pair distance distribution function (PDDF) was calculated for both contrast situations 
(Figure 25). The calculations were performed using an algorithm developed by Hansen and 
Vestergard[169-170] that bases on inverse Fourier Transformation (iFT) by Glatter[171]. The PDDF 
is a useful tool because it reflects the structure and SLD distribution in the scattering particles 
without inserting any model assumptions. For a full sphere the PDDF is symmetrical. That 
means the ratio of the maximum dimension D/rmax= 2. The left PDDF in Figure 25 (100 % D2O, 
core matched) represents the shape of a PDDF corresponding to a hollow particle. In this case 
Rmax is shifted to higher r values in comparison to a full sphere and the left wing shows a nearly 
linear behaviour. However, the PDDF on the right side (50 % D2O, full contrast) represents a 
particle with inhomogeneous SLD distributed in the overall particle volume. The P(r) function 
is proportional to the SLD differences in the particle.[83] The oscillations that occur in the high 
r region might indicate inhomogeneities in the particle shell. It is known for PNIPAM microgels 
that the structure can become inhomogeneous due to the different reaction rates of cross-
linker and monomer. A second contribution to the inhomogeneities and therefore oscillations 
in the PDDF might be a copolymerization region between PS and PNIPAM. The strongly 
differing SLD might contribute as well to the oscillations in the PDDF.  
 
  
Figure 25: PDDFs for the core-shell particles in shell contrast (left) and full contrast (right). Left (100 % D2O, 
shell contrast): The shift of the maximum (rmax) to higher r values clearly shows that only the shell 
contributes to the scattering behaviour. Right (50 % D2O, full contrast): The strongly different contrasts of 
(deuterated) core and (protonated) shell polymer are represented in the PDDF. 
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In the following paragraphs, the particles after core dissolution are characterized by means of 
scattering techniques and NMR experiments.  
An organic solvent that acts as good solvent for both PNIPAM and PS is needed for the 
dissolution of the particles´ PS cores. The mesh size in the shell needs to be large enough for 
dissolved PS chains to diffuse outwards from the centre of the particle through the particle 
shell. This is only possible if the outer PNIPAM shell is swollen. Thus, solvents like toluene that 
dissolve PS but are bad solvents for PNIPAM cannot be applied in the core dissolution. Static 
light scattering (SLS) experiments show that a conventional PNIPAM microgel swells slightly 
better in DMF (220 nm) than in THF (210 nm). Thus, DMF was applied in the core dissolution 
process. 
1H-NMR measurements were used to detect PS that remained after the extraction process of 
the core. We investigated the core-shell systems with protonated polymer core to be able to 
detect core and shell simultaneously in 1H-NMR (H-CS1 and H-CS2). However, the cross-linker 
content in the shell was in both cases (3 % and 4.6 %) lower than in the deuterated system 
(6 %) which might lead to a slightly decreased dissolution efficiency for this particle type. The 
NMR spectra before and after the core dissolution procedure (Figure 26) prove the success of 
PS removal. 
  
Figure 26: NMR measurements of the protonated particle systems. The intensity is scaled in a way that the 
signal at 3.9 ppm has the same intensity for both particles (before and after core dissolution). The lower 
curve represents the H-CS particles and the upper curves the corresponding particles after core dissolution. 
a) Core-shell particles H-CS1 at 20 °C. b) Core-shell particles H-CS2 at 20 °C.  
The spectra are normalized in a way that the signal at 3.9 ppm which arises from PNIPAM only 
(single isopropyl proton) is the same in both spectra. Thus, all loss in intensity can be related 
to a loss of PS. In Figure 26b (H-CS2) there is no aromatic signal (6 – 8 ppm) any longer. The 
remaining intensity in the aromatic region at the chemical shift of the high field PS signal can 
be attributed to the amide proton. Furthermore, the intensity loss in the region from 1.2 to 
2.2 where the backbone resonances of protons of both PS and PNIPAM are found, show clearly 
that a large mass fraction, namely the core, is lost. For the H-CS system with higher crosslinking 
density (Figure 26a, H-CS1) the NMR measurements show that a mass fraction of PS high 
enough to be detectable remains in the PNIPAM network after the core dissolution. 
Unfortunately, a reliable quantitative analysis of the PS-content is not possible due to the 
overlapping signals of the single isopropyl proton from PNIPAM and the aromatic signal of PS 
8 6 4 2 0
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(at 6 - 8 ppm). Additionally, one should note that NMR is a technique with a rather limited 
resolution capacity and that it is therefore possible that traces of PS are present in the systems 
although we cannot detect them. However, the results show clearly that the main content of 
PS could be removed from the particles in both cases. Unfortunately, deuterated PS cannot 
be detected in 1H-NMR so that we can only estimate from the results at hand that the 
crosslinking density of 6 % leads to a fragmentary dissolution of the core with remaining traces 
of PS in the particle.  
The DLS measurements show an increased particle size after the core dissolution in all three 
cases (Figure 27). 
  
 
 
Figure 27: DLS measurements of the CS particles before (full symbols) and after core dissolution (open 
symbols). a) D-CS b) H-CS1 c) H-CS2; for the measurements after the core dissolution the particle size is 
increased and larger error bars are associated that indicate an aggregation.  
The increased particle size can have two possible reasons. On the one hand, PNIPAM networks 
that are affixed to a stiff template have a decreased swelling capacity compared to non-affixed 
networks.[172] On the other hand, the large error bars are an indication for an aggregation in 
the system which would also lead to an increased intermediate hydrodynamic radius. 
Contin analysis of the correlation curves leads to a multiple peak size distribution which 
supports the theory of the formation of aggregation. It is noteworthy that solely the H-CS2 
particles (Figure 27c) exhibit a sharp transition of the size at the VPTT as known for PNIPAM 
and the errors are significantly smaller in the collapsed state compared to the swollen state. 
Although DLS measurements give no direct insight into the shape of the analysed species this 
measurements indicate that some kind of transition takes place at the VPTT for this special 
system. 
The form factor of the D-CS particles after chemical dissolution of the core (Figure 28) changed 
significantly compared to the form factor of core-shell particles in different contrast shown in 
20 30 40 50
0
50
100
150
200
R
h
 [
n
m
]
T [°C]
20 30 40 50
0
100
200
300
400
500
600
700
R
h
 [
n
m
]
T [°C]
20 30 40 50
0
100
200
300
400
R
h
 [
n
m
]
T [°C]
c 
a b 
Results 
65 
Figure 24. The very pronounced minima mentioned afore are completely smeared out. This 
effect can either be attributed to a significantly increased polydispersity or indicates a change 
of the particle morphology. The slope of the scattering curve is considerably decreased 
compared to a sphere form factor. It approximates q-2 which indicates a non-spherical, flat 
particle structure. The calculation of the corresponding PDDF supports this first brief analysis 
(Figure 29).  
 
Figure 28: Scattering curves of the D-CS particles after core dissolution at 20 °C (upper curve, open triangles) 
and 40 °C (lower curve, open squares). The intensity of the 20 °C curve is shifted by a factor of 10 for clarity 
reasons. The slope resembles q-2 which indicates a flat particle structure. The data can be fitted with a 
model for oblate ellipsoids using the NIST routine[85, 168]. 
For flat structures, the maximum of the PDDF rmax is shifted to lower r values and thus the 
ratio of the maximum dimension D and rmax is increased (Figure 29). It is generally imperative 
that this ratio increases with increasing asphericity of a structure.[167] After the core dissolution 
the particles clearly exhibit no spherical structure any more. 
  
Figure 29: PDDFs of the hollow particles at 20 °C (left) and 40 °C (right). The shift of the maximum to values 
of rmax < D/2 indicates a flat particle structure.  
Figure 28 includes a fit to the scattering curves. We assumed an oblate hollow particle 
structure for this fit and the model describes the data reasonably. However, the scattering 
data does not run into a plateau at low q-values which is again an indication for aggregation. 
Aggregation has already been observed within the DLS measurements. The appearance of 
aggregates impedes a reasonable estimation of the overall particle size of the flat structure 
from a fit.  
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However, it is important to mention that the fact that a model from a hollow oblate particle 
can describe the scattering behaviour does not unambiguously prove the shape and structure 
of the particles as an oblate. 
Nevertheless, two explanations for a possible shape deformation to an oblate-like structure 
are conceivable: The first is that the thickness of the PNIPAM in the initial particle shell is very 
thin. A certain shell thickness and stiffness might be necessary to obtain a stable polymer 
network that can finally form a capsule. The comparison of these results with the scattering 
curves from a system that has a thicker shell (H-CS1) shows that these particles also exhibit a 
scattering behaviour that cannot be explained with a spherical particle geometry. The 
scattering curves (Figure 30) resemble the ones of the deuterated analogue (Figure 28). 
 
Figure 30: Scattering curves of the H-CS1 particles after core dissolution at 20 °C (open squares) and 40 °C 
(open stars). The slope and non-evident plateau in the low-q regime again indicate for a flat structure with 
a tendency for aggregation. 
A second reason for a morphology-change to an aspherical structure might be the presence 
of hydrophobic interactions of residual PS chains. Hydrophobic interactions of PS residuals 
could explain the deformation and the tendency of aggregation observed in the scattering 
experiments even though NMR measurements prove that the main part of PS is removed after 
the core dissolution process. The synthesis procedure for the particles includes a 
copolymerization of styrene and NIPAM. If PS is chemically linked to the PNIPAM network it 
can hardly diffuse out of the network during the dissolution process to be completely 
removed. A hydrophobic PS-PS interaction at the particles’ inner surface might contribute to 
an asymmetric particle deformation into a non-spherical shape. The NMR spectra of the H-CS2 
particles show an efficient dissolution of the particle core. The scattering curves after the core 
dissolution indicate for a temperature dependent morphology change (Figure 31). The slope 
of the form factor changes from approximately q-2 in the low temperature measurements to 
q-4 at elevated temperatures (40 °C). The change of the slope is a clear indication for a change 
from a flat structure to spherical shape. Why this effect of morphology change is only observed 
in the one case could not yet be clarified.  
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Figure 31: SANS measurements of the H-CS2 particles after core dissolution at 20 °C (open squares) and 
40 °C (open circles). The change of the slope of the scattering curves from approximately q-2 (20 °C) to q-4 
(40 °C) indicates for a change of a flat morphology to a spherical structure when the VPTT of PNIPAM is 
exceeded. 
As mentioned in chapter 3.5, a complementary imaging technique is a good choice to reveal 
further information on the actual structure of the resulting species after core dissolution. 
Thus, cry-TEM measurements were performed by Frank Polzer at the Humboldt Universität zu 
Berlin. All samples were stained with phosphotungstic acid as staining agent to increase the 
contrast of PNIPAM. Note that the measurements were performed for a fourth sample that 
has not been discussed so far, but was synthesized using the same procedure. The scattering 
behaviour of the particles after core dissolution was identical to that of the H-CS2 sample, so 
that we assume that the findings of the TEM measurements are representative for all above 
mentioned samples. The left picture in Figure 32 shows the particle before the core 
dissolution, the right picture the particles after core dissolution.  
  
Figure 32: Cryo-TEM images of PS-core PNIPAM-shell particles before (a) and after (b) the dissolution 
process in DMF. All samples were stained with phosphotungstic acid to increase the contrast in the 
measurements.  
The core-shell structure is clearly imaged. The spherical PS cores have a rather high contrast 
compared to the surrounding PNIPAM. They have a uniform spherical shape und a narrow size 
distribution. The surrounding corona shows the PNIPAM shell in the swollen state that is 
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affixed on the PS core. On the right side one sees the system after the treatment with DMF 
and the PS removal. The picture shown is representative for the situation that no clear 
structures can be detected. Polymer aggregations with low contrast in non-symmetric shapes 
and varying sizes are imaged. These cryo-TEM measurements indicate for a different situation 
as assumed after the analysis of the scattering and NMR results. It seems like the PNIPAM 
network was detached from the PS core while the core disintegrated in the organic solvent. 
Like this, the main amount of the PS could be removed from the system during the treatment 
with the organic solvent, but no stable PNIPAM particles remain after the process. However, 
the separation of PNIPAM and PS was successful as shown by means of the NMR 
measurements. The results from the DLS measurements showed an increased particle size 
compared to the initial core-shell particles. This can be explained by aggregates in varying sizes 
formed from the PNIPAM fragments that dominate the DLS signal. Also the small angle 
neutron scattering experiments which show basically linear dependency over a broad q-range 
can be explained by a fractal like scattering arising from polymer networks with no superior 
structure.  
A comparison of precedent results with similar experiments published in literature reveals 
that imaging of hollow-like structures produced with the same synthesis approach seems to 
be in general possible.[60, 72] Although comparable cross-linker contents to the ones used in 
our experiments were reported for the shell synthesis, it seems like an insufficient effective 
crosslinking of the shell might be the reason for the fragmentation during the core dissolution. 
No stable self-contained shell has been formed during the synthesis. However, as long as the 
network is affixed to the stiff PS core the core-shell particles show typical physicochemical 
behaviour as observed before for this particle type. After the disintegration of the core in an 
organic solvent the shells break into fragments of varying sizes.  
4.4.4. Summary and Conclusion  
Core-shell particles with deuterated PS core and a thin protonated PNIPAM shell were 
successfully synthesized in a seed and feed polymerization process. The existence of a core-
shell structure could be proven in a contrast variation experiment. The PDDF for the different 
contrast situations (shell contrast and full contrast) clearly revealed a hollow structure for the 
matched core situation and a core-shell morphology for the full contrast measurement. The 
subsequent core dissolution leads to a change of the particle morphology and a flat particle 
structure can be assumed from the results of SANS experiments. However, complementary 
cryo-TEM imaging experiments reveal, that no clearly shaped particles are present, but 
polymer agglomerations of varying sizes are formed. Although the performed experiments 
could not reveal the structure of hollow particles as intended, the results clearly show that 
the scheme that is drawn so easily for the fabrication of hollow polymer particles from core-
shell morphologies is oversimplified.  
The success of the procedure of fabricating capsules is an interplay of a certain minimum mesh 
size of the shell on the one hand and the formation of a self-contained shell on the other hand. 
The molecular weight of the PS chains in the core is high and shows a broad size distribution 
as shown with GPC measurements. If these chains should be able to diffuse through the shell 
network, the mesh size of the PNIPAM network has to be wide enough to allow the chains to 
pass. The unique swelling ability of the PNIPAM network is also a property which intensity is 
b a 
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influenced by the degree of cross-linking. However, if the temperature sensitivity shall be 
exploited, excessive cross-linking might be counterproductive for the capsule properties. 
Especially temperature induced release mechanisms which are one of the mainly proposed 
advantages for applications of PNIPAM capsules are strongly affected by the composition and 
penetrability of the polymer shell. The reason for the insufficiently low crosslinking in the 
shells of the presented species is unclear and more experiments are necessary to clarify if the 
assumed explanation for the untypical behaviour of the particles holds true. 
However, it seems to be a crucial point to find an intermediate composition for the shell that 
allows for the formation of self-contained shells. Nevertheless, if a synthesis procedure is 
developed that allows to fabricate these particles, small angle neutron scattering and 
especially contrast variation measurements are the method of choice to investigate the 
structural details of the capsules. The core can easily be matched when synthesized from a 
deuterated polymer and a comparison to the scattering behaviour should reveal a great deal 
of information on a possible morphology change in the system.  
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4.5. Development of a Model System for the Investigation of Heterogeneous 
Crystallization of Soft Particles Near Flat and Curved Walls 
4.5.1. Introduction 
Understanding the nucleation process of atoms, molecules and colloids is of fundamental 
interest not only in science but also for a variety of industrial applications. Crystallization 
processes play an important role e.g. in material science, namely metallurgy[173-175] or the 
fabrication of optical band gap materials.[176] The crystallization of colloids can be followed via 
confocal microscopy.[177-178] In a suitable particle system, the formation of nuclei can be 
analysed and structural crystal defects can be detected.[179] Crystalline particles can be 
distinguished from non-crystalline particles and the shape and size of crystallites can be 
determined.[180] 
Poly(N-isopropylacrylamide) (PNIPAM) microgels have the potential to act as model system 
for the investigation of crystallization processes of soft compressible particles. PNIPAM is a 
temperature sensitive polymer that has a lower critical solution temperature (LCST) of 32 °C 
in water.[20] At this temperature water is expelled from the polymer network and the particle 
volume decreases drastically.[1] The volume fraction of polymer in solvent is an important 
parameter that determines the crystal formation. The thermoresponsive behaviour of 
PNIPAM allows to adjust the volume fraction in the system by increasing or decreasing the 
temperature without external addition of further polymer or dilution being necessary.[181-182] 
The project SPP 1296 within the Deutsche Forschungsgemeinschaft (DFG) was funded to study 
the heterogeneous nuclei- and microstructure formation and aims for a scale- and system 
independent understanding of crystallization processes. Within the sub-project “the effect of 
seed curvature in heterogeneous nucleation and growth of hard and soft spheres: A 
quantitative confocal microscopy study” the heterogeneous nucleation of binary systems was 
quantitatively studied on an individual particle level. PNIPAM microgels were applied as soft 
model spheres in the confocal microscopy study. They had to be tailored to fulfil several 
properties: The time scale of the accessible microscope and the motion of polymer particles 
had to be compatible. Thus, the size of the particles had to be tailored in a way that the particle 
movement is slow enough to be followed via confocal microscopy. Furthermore, the particles 
have to be large enough for the optical resolution of the microscope. Additionally, a 
fluorescent marker has to be attached to the polymer in a way that it does not wash out over 
time and thus increase the noise of the measurements with free dye. An incorporation via 
copolymerization is appropriate to achieve this aim. However, the dye itself does not only 
need a polymerizable function but has to fluoresce brightly enough on the one hand and has 
to be maximally photostable on the other hand to avoid excessive bleaching of the sample 
during the measurements. The fluorescence intensity of a single microgel particle is not only 
influenced by the dyes fluorescence properties, but also by the number of dye molecules per 
polymer unit. Conventional PNIPAM microgel particles typically exhibit a polymer volume 
fraction of about 10 % in the swollen state as shown with Small Angle Neutron Scattering 
(SANS) experiments.[28] A high density of cross-linker molecules restricts the particle swelling 
and hence leads to an increased polymer volume fraction in the microgel. The higher network 
density theoretically enables a higher number of dye molecules per volume that can be 
copolymerized into the microgel to increase the overall fluorescence intensity. Unfortunately, 
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a higher cross-linker density naturally also leads to smaller particle sizes.[183] The lower size 
limit of particles that can be used for confocal microscopy measurements, however, is 
restricted by the optical and time resolution of the available microscope.  
The aim of this study as part of the project “the effect of seed curvature in heterogeneous 
nucleation and growth of hard and soft spheres: A quantitative confocal microscopy study” is 
to develop a PNIPAM microgel system with a suitable particle size and polydispersity range for 
crystallization experiments investigated via confocal microscopy measurements.  
Altogether, the requirements for the particle synthesis are a complex interplay of size, 
polydispersity and fluorescence properties. Three different microgels were synthesized. They 
differ in their composition and architecture. All prepared microgels were characterized by 
means of dynamic light scattering (DLS) and static light scattering (SLS) to investigate size, size 
distribution and swelling in water. Additionally, the fluorescence behaviour in water was 
investigated qualitatively via first measurements in the confocal microscope.  
4.5.2. Experimental section 
In the following paragraphs the experimental details of the syntheses are summarized. 
Precipitation polymerization techniques were applied in all syntheses described below. 
Materials 
N-Isopropylacrylamide (NIPAM, Sigma Aldrich), N,N´-methylenbisacrylamide (BIS, Fluka), 
methacrylic acid (MAA, ABCR ), sodiumdodecylsulfate (SDS, Fluka), potassium peroxodisulfate 
(KPS, Alfa Aesar), methacryloxyethyl thiocarbomyl rhodamine B (MRB, Polyscience). All 
chemicals were used as received. Millipore water was doubly distilled before use in synthesis 
and for sample preparation.  
Microgel 1 (MG 1): Pure PNIPAM particles with 3 mol% cross-linker  
The microgel synthesis was carried out in a standard precipitation polymerisation procedure. 
A 500 mL three neck vessel equipped with nitrogen inlet, mechanical stirrer and condenser 
was used for the particle synthesis. 4.99 g NIPAM, 4 mg SDS and 207 mg BIS were dissolved in 
250 mL water. 5.1 mg MRB were dissolved in 15 mL H2O via ultrasonic treatment for 15 
minutes and subsequently added to the reaction mixture over a 5 µm syringe filter. The 
mixture was heated to 56 °C and degassed at the elevated temperature for one hour with 
nitrogen. 251 mg KPS in 10 mL degassed water were added to initiate the reaction. The 
reaction was allowed to proceed over night and was stopped by cooling down to room 
temperature the next day. Aggregations that have formed during the synthesis were 
separated via filtration over glass wool. The particles were purified via centrifugation at 45000 
rpm for 45 minutes and subsequent redispersion in fresh water for 3 times. The microgel 
suspension was lyophilised for storage and further sample preparation.  
Microgel 2 (MG 2): Pure PNIPAM particles; 6 mol% cross-linker in the centre, 3 mol% in the 
corona 
To aim for a higher fluorescence intensity these particles were synthesized in a two-step seed 
and feed approach. A double walled glass reactor equipped with nitrogen inlet, mechanical 
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stirrer and condenser was used for the particle synthesis. The temperature was adjusted via a 
julabo thermostat. 850 mL water, 7.65 g NIPAM and 672 mg BIS were mixed in the glass 
reactor. 38 mg MRB were dissolved in 15 mL of water via ultrasonification and added via a 
5 µm syringe filter. The mixture was heated to 70 °C and degassed for one hour before 390 mg 
KPS dissolved in 15 mL degassed water initiated the reaction. After the reaction has proceeded 
for 2 hours the second synthesis step was started.  
A feed solution containing 29.23 g NIPAM and 1.27 g BIS in 150 mL degassed water was 
prepared. Additional initiator solution was prepared containing 1.50 g KPS in 60 mL degassed 
H2O. The synthesis procedure for the second step was the following: 
The monomer feed solution was added via a syringe pump. The pumping speed was adjusted 
to 2 mL/minute. 1/3 of the initiator solution was added at the beginning and after 50 mL and 
100 mL of the feed solution have been added, respectively. After the monomer feed addition 
was completed, the reaction was allowed to proceed for 1 hour before it was cooled down to 
room temperature. The particles were purified via centrifugation at 45000 rpm for 45 minutes 
and subsequent redispersion in fresh water for 3 times. The samples was lyophilised for 
storage and further sample preparation. 
Microgel 3 (MG 3): PNIPAM-co-MAA particles, 2 mol% cross-linker  
A double walled glass reactor equipped with nitrogen inlet, mechanical stirrer and condenser 
was used for the particle synthesis. The temperature was adjusted via a julabo thermostat. 
900 mL water, 22.25 g NIPAM, 646 mg BIS and 1.04 g MAA were mixed in the glass reactor. 
15.9 mg MRB were dissolved in 50 mL of water via ultrasonification and added via a 5 µm 
syringe filter. The mixture was heated to 70 °C and degassed for one hour before 965 mg KPS 
dissolved in 20 mL degassed water started the reaction. After the reaction has proceeded for 
four hours, the mixture was cooled down to room temperature and filtered through glass wool 
to remove agglomerates that have formed during the synthesis. The particles were purified 
via centrifugation at 35000 rpm for 60 minutes and subsequent redispersion in fresh water for 
three times. The microgel dispersion was subsequently lyophilised for storage and further 
sample preparation. 
4.5.3. Characterization 
Dynamic light scattering (DLS) measurements were performed on an ALV goniometer with a 
programmable cryostat to control the temperature of the sample. The applied laser 
wavelength was 633 nm. The duration of each measurement was 60 s. The temperature-
dependent runs were performed at scattering angles of 35°, 45° and 60°.  
The obtained data were evaluated using the following procedure: The first cumulants from a 
second order cumulant fit were plotted against q² and linearly fitted to extract the diffusion 
coefficient from the slope of the linear regression. The Stokes-Einstein equation was applied 
to calculate the average hydrodynamic radius Rh from the diffusion coefficient for each 
temperature.  
Static light scattering measurements were performed on the devices “Fica” equipped with a 
laser of 633 nm wavelength and “SoFica”, equipped with a laser with wavelength 405 nm (both 
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from SLS-Systemtechnik, Denzlingen) . A cryostat was used to control the temperature of the 
toluene index matching bath and thus the sample. The complementing laser wavelengths of 
633 and 405 nm were applied to cover a broad q-range.  
Electrophoretic mobility measurements were performed at the NANO ZS equipped with a 
MPT-2 autotitrator (both from Malvern Instruments, UK). For the measurements disposal flow 
cells were used. The sample was titrated from pH 3 to pH 9. 
The samples for all measurements were prepared from lyophilized particles and were highly 
diluted in water to avoid multiple scattering. 
The confocal laser scanning microscope Fluo-View FV1000 (Olympus), kindly provided by Prof. 
Seidel (Heinrich-Heine University, Düsseldorf), was used. A laser wavelength of 515 nm or 
559 nm was applied for imaging the microgel particles. The measurements were performed 
by Stefan Walta and Dr. Kirill Sandomirski. 
Sample preparation procedure for crystallization experiments 
All samples were prepared from dried microgel powder if not noted differently. The required 
amount of microgel was weighted on a high precision balance. Water was added to adjust the 
polymer concentration to the desired value. The weight concentration was calculated as 
follows: 
 𝑐 =
𝑚 (𝑝𝑜𝑙𝑦𝑚𝑒𝑟)
𝑚 (𝑝𝑜𝑙𝑦𝑚𝑒𝑟) + 𝑚 (𝑠𝑜𝑙𝑣𝑒𝑛𝑡)
 (32) 
The not yet homogeneously dispersed polymer solvent mixture was centrifuged slowly at 
500 rpm for 30 seconds until all components sediment to the bottom of the sample vial and 
no residual dry polymer remains undissolved. The samples were then dispersed for a minimum 
of 24 hours with a thermomixer. The thermomixer allows to decrease the viscosity of the 
sample by increasing the temperature to a value near the VPTT of PNIPAM during the mixing. 
At these elevated temperatures the particle size decreases and hence the polymer volume 
fraction and the viscosity of the system decrease. This procedures allows to produce highly 
concentrated samples and while still achieving a homogeneous blending of polymer and 
solvent. For preparing concentration series the stock solution was further diluted by a 
controlled addition of water.  
Although the samples where thoroughly dispersed cluster formation could be observed in 
confocal microscopy measurements. To break these particle clusters ultrasonic treatment for 
a minimum of 30 minutes was introduced prior to the measurements.   
4.5.4. Results and Discussion 
The synthesis of the three particle types was successful. Few agglomerates that have formed 
during the synthesis have been successfully removed in the subsequent glass wool filtration 
step. The hydrodynamic radius and swelling of the microgels was investigated using dynamic 
and static light scattering techniques. The temperature dependent DLS measurements are 
presented in Figure 33. 
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Figure 33: Dynamic light scattering measurements of the microgels in water show the development of the 
hydrodynamic radius with temperature. A) MG 1 is a pure PNIPAM microgel with 3 % cross-linker. In the 
swollen state (20 °C) the radius is 464 nm, in the collapsed state (40 °C) it is reduced to 240 nm. The resulting 
swelling ratio α is calculated to 7.2. B) MG 2, PNIPAM particles containing 6 % cross-linker in the centre, 3 % 
in the corona (seed and feed synthesis) have a hydrodynamic radius of 563 nm at 20 °C and 252 nm at 40 
°C with the corresponding swelling ratio α=11.2. The data for MG 3, a PNIPAM-co-MAA microgel with 2 % 
cross-linker is plotted in C) for pH 3 Rh = 515 nm at T < VPTT and 347 nm at T > VPTT, α=3.3. D) shows MG 3 
at pH9 (875 nm at 20 °C). 
MG 1 has a hydrodynamic radius of 464 nm at 20 °C and shrinks above the VPTT to a size of 
240 nm (40 °C). MG 2 has a hydrodynamic radius of 563 nm in the swollen state and 252 nm 
at 40 °C. The seed and feed approach allows to prepare microgels that have an Rh in the 
swollen state that is 100 nm larger than the conventionally prepared MG 1.  
MG 3 consists of a copolymer of PNIPAM and methacrylic acid. The acidic comonomer 
introduces a pH-dependent swelling additionally to the temperature sensitivity originating 
from NIPAM. For the measurements shown in C) and D) the pH was adjusted via addition of 
sodium chloride or sodium hydroxide solution. The plot in C) clearly shows that the particles 
exhibit a temperature dependent swelling at pH 3. The size decreases from 515 nm at 20 °C 
to 347 nm at 40 °C (for pH3). The microgels are highly protonated at low pH which allows the 
network to shrink at the VPTT of PNIPAM. When the pH of the suspension is adjusted to pH 9 
the acidic functions in the microgels are charged and the particles show no clear and sharp 
volume transition at the VPTT of PNIPAM anymore. The overall radius is much larger (875 nm) 
due to the swelling tendency of charged microgels induced by the osmotic pressure generated 
by the counterions in the polymer network.[184] This effect is well known for PNIPAM-co-MAA 
copolymer microgels. However, DLS measurements of these rather large particles have to be 
considered carefully. Even at low q values measurements might be influenced by the form 
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factor of the particles. Static scattering measurements will give more reliable information on 
the particle size and the measurements are shown below.  
Nevertheless, a swelling ratio α can be calculated for all particles that show a volume phase 
transition. It is defined as  
 𝛼 = (
𝑅ℎ,20°𝐶
𝑅ℎ,40°𝐶
)
3
 (33) 
and characterizes the ability of the particle to extend the network at temperatures below the 
VPTT. The larger the value for 𝛼 the higher is the swelling capacity of the microgel. The 
microgel characteristics are summarized in Table 6. MG 2 shows the highest ability to swell in 
water at T<VPTT.  
Table 6: Summary of the microgel characteristics from DLS measurements. 
 Rh,20 °C [nm] Rh,40 °C [nm] 𝜶 
MG 1 464 240 7,2 
MG 2 563 252 11,2 
MG 3, pH 3 515 347 3,3 
MG 3, pH 9 875 743 - 
    
Measurement of the electrophoretic mobility characterizes the surface charge of the particles 
at different pH values. Figure 34 shows the pH dependent measurement of the electrophoretic 
mobility of the particles MG 3 at 20 °C. The titration was started at pH 3. Sodium hydroxide 
solution was added via autotitrator to increase the pH continuously between the 
measurement points.  
 
Figure 34: Measurements of the pH-dependent electrophoretic mobility of the MG 3 particles at 20 °C. 
Measurements were started at low pH (pH 3). The pH was subsequently increased by addition NaOH.  
The particles’ surface charge density increases with increasing pH. This leads to a higher 
electrophoretic mobility value of up to -0.5 at pH 9 compared to -0.05 at pH3. 
Further information on the particle properties was obtained by static light scattering 
measurements. The mean scattering intensity was measured over the q-range accessible in 
static light scattering. A form factor fit with the microgel model reveals size and polydispersity 
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of the samples in an ensemble measurement. Figure 35 displays the form factor 
measurements of all microgels at temperatures above and below the VPTT. Microgel 3 was 
additionally analysed at different pH values at low temperature. All prepared microgel 
samples show a pronounced minimum in the applied q-range, which indicates a rather large 
size and a low size polydispersity.  
The form factor analysis according to the model developed by Richtering et al.[28] reveals that 
MG 1 has a radius of 334 nm at 20 °C and collapses to a radius of 223 nm above the VPTT. The 
polydispersity is 9 %. MG 2 is slightly larger at 20 °C (412 nm) and shrinks to a size of 220 nm 
at high temperature. The pH dependent swelling of MG 3 at 20 °C is clearly visible in Figure 
35c. At pH 9 the microgel network is swollen most up to a radius of 563 nm. At pH 5 the size 
has already decreased to 528 nm. At pH 3 the particles are with 427 nm more than 120 nm 
smaller compared to the charged case at pH 9. At the intermediate q-range the form factor fit 
does not match the measured points very accurately. Obviously the applied form factor model 
does not completely reflect the particle structure. This might be due to an inhomogeneous 
incorporation of the comonomer methacrylic acid over the polymer volume. This would lead 
to an inhomogeneous swelling and density distribution inside the particle that cannot be 
described with the applied model. The size and size distribution is extracted from the position 
and depth of the first minimum and has to be assumed as approximation within the error of 
the applied fit. Figure 35d shows the MG 3 at pH 3 for temperatures above and below the 
VPTT.  
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Figure 35: Static light scattering measurements of the microgels. The red curves correspond to the 
measurements at 40 °C and the black curves at 20 °C. The lines in the graph represent the form factor fits 
to the microgel model developed by Richtering et al.[28]. a) MG 1 at 20 °C and 40 °C b) MG 2 at 20 °C and 40 
°C c) MG 3 at pH 3, pH 5 and pH 8 at 20 °C and d) MG 3 at pH 3 at 20 °C and 40 °C. 
Table 7: Summary of form factor analysis results.  
 RSLS,20 °C [nm] R SLS,40 °C [nm] PD [%] 
MG 1 334  223 9 
MG 2 412 220 12 
MG 3, pH 3 427 318 10 
MG 3, pH 5 528 - 10 
MG 3, pH 9 563 - 10 
To investigate the suitability of the synthesized particles for a confocal fluorescence 
microscopy study, samples of different concentrations were prepared and their properties 
determined in first microscopy measurements. Figure 36 displays a sample of MG 1 
(c = 5.7 % (w/w)) in water at room temperature. The images were taken 2 µm (a) 4 µm (b) and 
10 µm (c) distance from the glass bottom of the sample vial. The particles show a highly 
ordered structure at low distances from the wall of the container. In (a) the particles can be 
easily distinguished from each other by the eye. However, this becomes more difficult when 
the pictures are taken at larger distances from the wall at 10 µm. This effect originates from 
scattering of light that occurs in the highly concentrated sample due to the refractive index 
difference between solvent and particles. A solvent that would decrease the turbidity of the 
system due to its higher refractive index is DMF. Unfortunately, the dye does not fluoresce in 
this solvent.  
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Figure 36: MG 1 sample was imaged in a microscopy capillary. Pictures were taken (a) 2 µm, (b) 4 µm and 
(c) 10 µm distance from the capillary wall. The fluorescence intensity decreases tremendously within the 
first 10 µm. The sample concentration was c = 5.7 % (w/w).  
Figure 37 shows confocal images of MG 2 at a) 1 µm b) 3 µm c) 9 µm distance from the wall. 
The sample concentration was 3.99 % (w/w) and measurements were performed at 21 °C.  
   
Figure 37: MG 2: (a) 1 µm (b) 3 µm (c) 9 µm distance from the wall. The sample concentration was 
c = 3.99 % (w/w). 
MG 2 also shows highly ordered regions at the applied concentration at all distances from the 
wall. However, the ordering can only be observed in smaller areas compared to MG 1 in Figure 
36. Note that this might be for different reasons: The concentration that was applied might 
not be in the range that a complete crystallization occurs. However, also particles that are still 
in the fluid region should be visible in the microscope. If there are real defects in the crystalline 
structures, one might overcome this problem by recrystallizing the sample by increasing the 
temperature above the VPTT. The polymer volume fraction is decreased (microgels collapse) 
and the sample shows fluid-like behaviour. If the sample is afterwards cooled down very 
slowly again, a crystal with less defects can form. A third, very unlikely possibility for the 
particle-free positions in Figure 37 is an inhomogeneous dye incorporation in the particles. 
Unlabelled particles would not be visible in the confocal microscope and thus appear as if no 
particle would sit at the position at all. An advantage of MG 2 in comparison to MG 1 is that 
one can more easily differentiate between the single particles at higher distances from the 
wall. This can be ascribed to the core-shell structure of the particles with a fluorescent PNIPAM 
core and an unlabelled PNIPAM shell.  
a b c 
a b c 
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Ethanol was applied as solvent for MG 2 (Figure 38) to further increase the fluorescence 
intensity and to be able to get good contrast at distances > 10 µm from the glass wall. A sample 
with 3.28 % (w/w) polymer in ethanol was prepared and investigated in the confocal 
microscope. Obviously, the sample concentration is not in the crystalline regime and the 
particles do not form ordered structures. Unfortunately, the unique temperature sensitivity 
PNIPAM exhibits in water cannot be exploited in ethanol and thus the volume fraction of the 
sample cannot be adjusted via temperature changes. 
However, the fluorescence intensity of the sample is much higher. Even at distances of 50 µm 
from the glass particles are still visible and can be distinguished by the eye. At appropriate 
polymer concentrations, the crystal structure in ethanol can be investigated in a much larger 
volume compared to the same polymer in water due to the increased fluorescence properties 
of the particles in ethanol.  
  
  
Figure 38: MG 2 sample in ethanol: The fluorescence intensity is increased compared to the samples 
prepared in water. Pictures shown were taken at 1 µm (a), 5 µm (b), 10 µm (c) and 50 µm (d) distance from 
the wall. The sample concentration was 3.28 % (w/w). 
MG 3 was investigated in aqueous suspension at pH 3.4 at 21 °C (Figure 39). The sample 
concentration was 2.99 % (w/w). The picture was taken near the glass surface (2 µm distance).  
a b 
c d 
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Figure 39: The image shows MG 3 in a H2O/HCl mixture at pH 3.4. The sample concentration was 2.99 % 
(w/w) and the temperature was 21 °C during the measurements. Ordered structures can be observed in 
the background. 
On first view one could assume that the particle polydispersity is unusually high because of 
the strongly differing sizes of the fluorescing spots. A closer look reveals however, that 
ordered structures have already formed in the background of the brighter spots. Static light 
scattering measurements show that the particle polydispersity is 10 % which is a typical value 
reported for PNIPAM microgels. Thus, no real high polydispersity is the reason for the 
unevenly bright particles. A further explanation for the unevenly distributed sizes of the 
fluorescent spots is that the dye is incorporated unevenly into the particles during the 
polymerization. Particles that include a high concentration of dye fluoresce more brightly and 
appear larger than particles with less dye incorporated.  
The sample was purified again via centrifugation and redispersion in ethanol, which is a far 
better solvent for the rhodamine derivate than water to eliminate the possibility that dirt or 
free, unpolymerized dye aggregates are the origin of the bright spots. After three 
centrifugation cycles the sample was retransferred in water and measured again. The samples 
fluorescence properties did not change which indicates that the scenario of inhomogeneously 
loading of microgels with dye is the most likely scenario. However, why the dye should be 
incorporated inhomogeneously is unclear. The fact that the uneven dye distribution occurs in 
the sample where the comonomer methacrylic acid was used indicates that the 
polymerization parameter pH might influence the polymerization kinetics of the dye. Also an 
incomplete dissolution of the dye in water prior to the initiation of the synthesis might be 
influenced by the pH and could thus lead to higher local concentration of dye in some particles. 
Further investigations are necessary to understand the effect of reaction parameters on the 
distribution of dye in the particles.  
Not only the microgels themselves, but also the properties of the bead that shall provide a 
curved surface plays an important role for the investigation of the crystallization behaviour of 
microgels near curved surfaces. We investigated two large beads that provide a bended 
surface: A conventional glass bead and a PNIPAM bead with a much larger diameter compared 
to the microgels. Glass beads were successfully applied to investigate the crystallization 
behaviour of hard PMMA spheres near curved walls earlier.[180] The fluorescently labelled 
PMMA spheres were dispersed in a mixture of cis-decaline and cycloheptylbromide. In this 
solvent mixture the density of the particles is matched and the refractive index is very similar 
to avoid scattering. For more details compare the work of Egelhaaf et al..[180]  
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To investigate whether conventional glass beads can be used to provide curved walls in a 
microgel suspension, glass beads were introduced in an aqueous microgel sample with a 
concentration of 4.98 % (w/w). The results are presented in Figure 40.  
   
Figure 40: Microgel sample with 4.98 wt% in the presence of a glass bead. Pictures show the sample at (a) 
3 µm (b) 5 µm (c) 10 µm distance from the glass wall.  
A bright corona is visible around the glass bead as can be easily seen. This corona makes it 
impossible to trace single microgel particles via particle tracking close to the bead’s surface. 
The corona originates most probably from the refractive index mismatch of glasbead and 
solvent as it does not occur in a PMMA/cis-decalin mixture.[180] However, neither cis-decalin 
nor toluene (which is also a solvent that matches the refractive index of glass) is a good solvent 
for PNIPAM. Thus, glass beads are an improper choice to investigate crystallization of 
microgels near curved walls due the refractive index mismatch problem in water. 
Furthermore, it was investigated whether a large PNIPAM bead can be used to introduce a 
curved surface into the system. We obtained microgel beads with a radius of 150 µm from 
Dr. Sebastian Seiffert, Institute of Organic Chemistry at the Freie Universität Berlin. The beads 
were produced in a microfluidic setup and labelled with Alexa Fluor 488 dye.  
  
Figure 41 presents the results.  
  
Figure 41: Small PNIPAM microgels in the presence of a PNIPAM bead. Pictures are taken on the glass cover. 
a b c 
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Although both the microgels and the PNIPAM bead are fluorescently labelled they can be 
clearly differentiated at the microgel-bead interface. The image shows the microgels in the 
gap that is formed between the bead and the glass cover i.e. on the cover glass surface. This 
proof of concept shows that PNIPAM beads are suitable to introduce surfaces with curvature 
into a crystallizing microgel sample. Within a microfluidic setup beads with different sizes (and 
thus curvatures) and labels can be fabricated. One can further expand the flexibility of such a 
system if a non-NIPAM temperature sensitive polymer is chosen for the bead. If a polymer 
with a VPTT below room temperature is chosen, one could also vary the softness of the bead 
with varying temperatures and create for example a rather hard sphere like behaviour of the 
bead.  
4.5.5. Conclusions and Outlook 
Fluorescently labelled temperature sensitive PNIPAM microgels of different sizes and 
architectures with polydispersities of around 10 % have been prepared for applications in 
confocal fluorescence microscopy studies. Conventional precipitation copolymerization of the 
monomer NIPAM, the cross-linker BIS and a rhodamine dye was applied first (MG 1).  
A microgel with more densely labelled PNIPAM core and unlabelled corona was prepared (MG 
2) to increase the signal-to-noise ratio and achieve a better separation of the fluorescently 
labelled regions. A better optical separation of the single microgels is possible with this 
approach.  
Copolymerization with the charged comonomer methacrylic acid leads to an inhomogeneous 
distribution of the dye molecules into the particles (MG 3). The reason for the inhomogeneous 
incorporation is still unclear and needs to be investigated in more detail.  
The overall fluorescence intensity can be increase when ethanol is applied as solvent. 
However, the unique temperature sensitive behaviour of PNIPAM in water cannot be 
exploited in alcoholic suspensions.  
First crystalline arrangements of the microgels were observed via confocal microscopy. We 
could show that the microgels are suitable to study crystallization of soft spheres on individual 
particle level in the confocal fluorescence microscope setup.  
Furthermore, we could show that glass beads that serve as curved surfaces in the comparable 
hard sphere experiment are unsuitable for a study in aqueous solutions due to the refractive 
index mismatch of water and glass. A better choice for large spheres that provide a curved 
wall are microgel beads that can be tailored for the exact need of the study in a microfluidic 
setup.  
 
 
 
Summary and Outlook 
83 
5. Summary and Outlook 
5.1. Conclusion 
The temperature sensitivity of PNIPAM based microgels offers a high potential for a variety of 
applications in industry, life sciences and biomedicine. However, it is crucial to understand the 
correlation between particle morphology and resulting particle characteristics to be able to 
realize further applications. Few examples are the swelling properties of conventional PNIPAM 
based microgels that can be tuned by the amount of cross-linker that is applied in the particle 
synthesis. The volume phase transition temperature can be shifted to higher or lower 
temperatures via copolymerization with suitable monomers. Fluorescence properties can be 
introduced by copolymerization with a fluorescent dye. Different architectures like the core-
shell structure allow to combine material properties in one particle but still keep them 
spatially separated on the nanoscale level. In this work microgels with different morphologies 
like core-shell or hollow spheres were tailored and their structure was investigated in detail. 
Core-shell structures with varying core materials were realized in this work. A compound of 
an organic polystyrene core and PNIPAM shell was prepared in chapter 4.4. A deuterated 
styrene monomer was used to perform contrast variation measurements and thus to 
investigate the inner composition of the particles in detail. The pair distance distribution 
function was determined for two contrast situations: In the full contrast measurement (50 % 
D2O in a H2O/D2O mixture) both the core and the shell contribute to the scattering intensity. 
During the shell contrast measurements (pure D2O) only the shell scattering is represented by 
the scattering function. It was shown that the PDDF for the shell contrast situation resembles 
that of a hollow spheres and thus the core was successfully matched. That proves 
unambiguously that a core-shell structure has formed during the synthesis. Additionally, the 
particle cores were dissolved in an organic solvent (DMF). The scattering function of that 
pitted species was also analysed and compared to the shell contrast measurement of the core-
shell particles. It could be shown, that no simple hollow structure has formed after the core 
had dissolved. The analysis of the scattering data hints for a flat particle structure or a ruptured 
polymer network. Additional cryo-TEM analysis supports that the particle shell ruptured 
during the dissolution of the core.  
The situation is strongly different when comparable experiments are performed with silica-
core PNIPAM-shell particles. In chapter 4.2 a detailed contrast variation analysis of these 
species is discussed. The particles were prepared in a seed and feed approach and the cores 
were dissolved with hydrofluoric acid (HF). EDX analysis proves a successful core dissolution 
and separation of the silica species. A qualitative comparison of the form factors of the core-
shell particles at the match point and the pitted particles reveals that the pitted particles are 
still spherical, which was not the case for the pitted PS-core PNIPAM-shell particles in 
chapter 4.4. However, the inner structure of the shell has changed after the core was 
dissolved. Otherwise the scattering curves of the hollow particles and the core-shell particles 
at the match point of the core would superimpose, which is not the case. A form factor model 
that describes the scattering functions of the particles with and without the core was develop 
to obtain a quantitative description of the morphology change of the shell. Measurements of 
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the core-shell particles at 20 °C at seven varying solvent compositions i.e. seven contrast were 
fitted simultaneously. This leads to a highly accurate description of the particle structure. The 
detailed structure analysis reveals that in the swollen state of the shell a polymer layer with 
high density covers the silica core. After the core is dissolved this layer swells into the free 
void that was occupied by the core before and thus the free void volume that characterizes a 
typical hollow particle is strongly diminished compared to the initial core volume. Additionally, 
the influence of the polymerization parameters shell thickness and cross-linker density on this 
degree of intrusion into the void space of the hollow spheres is presented. Core-shell particles 
with strongly varying cross-linker contents (5 % and 18 %) and shell thicknesses (but constant 
cross-linker contents) were synthesised, and the corresponding hollow spheres prepared via 
HF etching. SANS measurements and quantitative form factor analysis reveal that the high 
degree of cross-linking can hinder the polymer intrusion into the void. Thus, hollow particles 
with comparably large void volumes can be prepared. The high degree of cross-linking 
however, leads to a strong restriction of the swelling capacity of the PNIPAM network in all 
directions. Thus, the temperature responsiveness that is the unique property of these hollow 
spheres is hardly present any more. If thermoresponsive particles shall be tailored for distinct 
applications, this structure-sensitivity dilemma has to be considered.  
To add advanced functionalities to a polymer particle a second monomer can be applied in 
the particle synthesis. This was done in chapter 4.3. Unique doubly temperature sensitive 
core-shell-shell colloids with a silica core an inner PNIPAM shell and an outer PNIPMAM shell 
were prepared. The particles were fabricated in a three step process in which the silica 
particles are prepared in Stoeber synthesis in the first step. A PNIPAM shell and a PNIPMAM 
shell are added consecutively in seed and feed polymerizations (step 2 and 3). Thus, particles 
that exhibit volume phase transitions at 32 °C and 42 °C are obtained. From these core double-
shell particles the core was dissolved with NaOH to obtain the corresponding hollow particles 
that also exhibit a complex thermoresponsive behaviour. At temperatures below the VPTT of 
PNIPAM both shells are highly swollen with solvent. At 32 °C < T < 42 °C the inner PNIPMAM 
shell is collapsed and the outer PNIPMAM shell is still swollen. Above the VPTT of PNIPMAM 
the hollow spheres obtain a compact collapsed shell. DLS measurements reveal additionally 
that the inner shell is restricted in its swelling ability as long as the core is present in the 
particle centre. When the core is dissolved the overall radius of the hollow particles is 
increased compared to the core-shell-shell system and the volume phase transition of the 
inner PNIPAM shell is again more pronounced.     
A further application for silica colloids that were used successfully as core material in the 
hollow sphere preparation, was obtained when the silica particles were combined with a 
fluorescence label (chapter 4.1). Microfluidic is a versatile method to prepare particles in the 
micrometre size range. However, often occurs the problem that UV light that is applied to 
polymerize monomer solution specifically at a certain point in the microfluidic device is 
scattered in the device matrix and induces polymerization at unwanted locations. Thus, the 
channels of the microfluidic block and the particle fabrication is interrupted. Fluorescently 
labelled silica particles were prepared and incorporated into the microfluidic matrix polymer. 
The wavelength of the disturbing stray-light could thus be shifted to wavelength, which no 
longer induce the unwanted polymerization. The fabrication process could thus be extended 
from less than ten minutes for an unmodified device to several hours when the fluorescent 
silica particles were introduced.  
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The last result chapter (4.5) deals with tailoring microgels that are suited to study the 
crystallization of microgel colloids via a confocal microscope. For this study, the microgel 
particles have to fulfil certain requirements: First of all they have to be labelled with a 
fluorescent dye. This was achieved by copolymerizing NIPAM with a rhodamine derivate that 
contains a polymerizable function. The particles have to exceed a certain size so that they are 
suited for the optical and time resolution of the microscope. Thus, the requirements for the 
particle synthesis are a complex interplay of size, polydispersity and fluorescence properties. 
The different particle types were characterized by means of dynamic and static light scattering 
to investigate the overall size and size distribution. Additionally, first images were obtained in 
the fluorescence microscope to study the florescence properties. All synthesized particles 
were large enough to be followed in the microscope and had a polydispersity of about 10 %. 
The fluorescence intensity of the particles have been tuned by applying a core-shell structure 
with a more densely cross-linked core and a less cross-linked corona. Using ethanol instead of 
water as solvent can increase the fluorescence intensity even further. However, the unique 
temperature responsive properties of PNIPAM can solely be exploited in aqueous 
environment. A PNIPAM-co-MAA microgel was prepared to introduce pH dependent charges 
into the microgels. Unfortunately the dye distribution in the sample was inhomogeneous 
which leads to alleged smaller (less bright) and larger (brighter) spots that are detected in the 
microscope. SLS measurements however, show that this can only be assigned to the dye 
distribution as the polydispersity is 10 %. Furthermore, large PNIPAM beads were investigated 
with respect to their application as soft wall material that introduces stress into a crystal lattice 
due to the bended surface. The small microgels could be well detected at the surface of the 
PNIPAM bead which makes the beads a suitable component for a model system to investigate 
crystallization near bended surfaces. 
Altogether, this work shows that colloidal particles like silica, conventional microgels or 
microgels with core-shell structure can be tailored to obtain desired functionalities like distinct 
sizes, shell thicknesses, special swelling- or fluorescence properties.[155, 185] A certain set of 
tools like e.g. seed and feed methods or fluorescent labelling can be exploited in the synthesis 
to obtain the desired results. However, in nearly all cases certain synthetic or analytic 
constraints have to be considered when particles with distinct properties shall be prepared 
and characterized properly.  
Synthesis techniques like the Stöber method are often useful within a certain range of 
parameters. In the original publication controlled growth of particles with uniform sizes in the 
range of 50 nm up to 2000 nm are reported.[55] However, not all particle sizes can be used as 
sacrificial core and to add a polymer shell in a seed and feed approach, with the technique 
that was applied in this work. Karg et. al. reported that a sufficient yield of particles that are 
encapsulated with polymer can only be obtained for silica with a maximum diameter of 
170 nm. For larger particles an increasing amount of microgel particles without inorganic core 
are formed simultaneously although the number particle density of the seed particles was 
kept constant during the experiments. They suppose that a less efficient surface modification 
due to the higher porosity of larger silica particles might be the reason for the less efficient 
modification. 
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Zhang et. al chose a different modification approach to overcome the size restriction in the 
core-shell synthesis. They state that the modification of the silica surface with a linear 
PNIPAM-co-MPS copolymer is more versatile and allows to encapsulate particles of rather 
large sizes with a polymer layer.[74] For even larger hollow spheres however, it might be more 
useful to apply complementary methods as e.g. microfluidics to prepare the desired 
particles.[94, 115]  
A further restriction in the synthesis of core-shell particles as it was presented in this work can 
be the tuning of the shell thickness one can obtain from a single polymerization step. In certain 
ranges the shell thickness can be increased by a higher monomer concentration in the feed 
solution. However, if the concentration is too high compared to the particle number 
concentration of the seed particles heteronucleation will occur. Thus, a lower initial 
concentration and subsequent feeding of further monomer solution might be necessary to 
obtain larger particle sizes. This however, will influence the network architecture, i.e. the 
distribution of BIS throughout the particle.[31]  
Further constrains one has to keep in mind is that not all analytical methods are suitable to 
investigate and characterize particles. Microgels have for example a rather low contrast in 
electron microscopy. Thus, staining methods are often used to increase this contrast. 
However, the addition of salts might change the system under investigation which has to be 
considered when the images are analysed.  
A method that provides information of an ensemble average of the system is small angle 
neutron scattering, as was demonstrated in this work. However, depending on the device only 
particles of rather small sizes can be analysed. Also samples that exhibit a rather high 
polydispersity or bimodal are more or less unsuitable to be analysed via scattering 
experiments. The high polydispersity leads to a tremendous smearing of the form factor 
characteristics and thus the analysis is not possible without ambiguity.  
Altogether, tailoring microgels and microgel derivatives for distinct application is far from 
trivial as it is an interplay of a variety of reaction parameters. On the other hand the utility for 
the desired analysis methods has to be considered as well.  
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5.2. Suggestions for Future Work 
Now that the synthesis of silica-core polymer-shell particles is established and a general tool 
box for the structural description of these species with SANS and contrast variation 
measurements was developed further interesting topics concerning hollow particles unfold.  
On the one hand it would be interesting to investigate the properties of hollow particles at 
interfaces. One could assume that hollow particles have a much higher ability to deform when 
they are absorbed on surfaces compared to the corresponding core-shell species. The 
deformation might also depend highly on the cross-linker content and shell thickness of the 
particles. AFM measurements would be suitable to analyse these effects on substrates. 
Furthermore, the stabilization of emulsions with hollow particles might differ in comparison 
to conventional microgels without cavity and with less deformability.   
An additional interesting point would be the behaviour of hollow spheres in concentrated 
microgel suspensions of varying polymer concentrations. A system that consist of a 
deuterated microgel matrix and protonated hollow spheres as tracer particles would be 
suitable to investigate the degree of deformation of the capsules in microgel environment. A 
comparison to conventional microgels and core-shell structures could be studied.     
The origin of the distinct structural feature of the silica-PNIPAM core-shell particles, namely 
the dense polymer layer on the silica surface still needs to be clarified. Two possible reasons 
for the formation can be postulated: polymer brushes might form on the core during the 
synthesis of the shell due to the introduction of double bonds on the silica surface in the 
particle modification. Secondly the inhomogeneous distribution of cross-linker that is known 
from conventional PNIPAM in combination with the spatial restriction of the silica core might 
be responsible for the formation of the dense polymer layer. Hollow particles with a larger 
cavity and thus a higher loading capacity could be prepared if a synthesis route was realized 
that does not lead to the formation high density polymer shell.    
The next step regarding possible applications would be to study the influence of the structure 
on uptake and release behaviour of hollow spheres. We have shown that the cross-linker 
density and the shell thickness have significant influence on the void size and shell structure 
of the hollow spheres. Thus, one needs to investigate the relation of the structural properties 
to the behaviour in actual applications to understand how the synthesis has to be tuned to 
achieve improved application properties.  
The more complex structure of the core double-shell particles and the corresponding hollow 
spheres has not been investigated in detail in this work. SANS investigations at different states 
of swelling of the shell will be the way to describe the structure quantitatively. Thus, the 
mutual influence of the two shells and the dependence of the presence of a rigid core at 
varying temperatures in solution could be investigated. Additionally, cryo-TEM measurements 
from samples that were shock-frozen from different temperatures, i.e. states of swelling from 
both shells could indicate the interactions of the shells and the core. Furthermore, a variation 
of reaction parameters like the cross-linker density of the outer shell should tune the 
properties of the double shell hollow spheres and could thus be studied. 
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For the particles with PS core and PNIPAM shell one aim could be to improve the stability of 
the outer polymer network to obtain stable hollow particles after the core dissolution. If the 
dense layer near the silica cores should be a result from brushes that grow on the core surface 
and expand into the void after core dissolution larger voids could be obtained from the PS-
core approach. This has however, to be confirmed in SANS measurements. An increase of the 
cross-linker concentration in the shell might be enough to increase the network stability and 
to obtain hollow spheres after the core dissolution. However, the mesh size of the PNIPAM 
network decreases with increasing BIS content, but the use of a chain transfer agent in the 
core synthesis should reduce the chain length of the PS chains. Thus, smaller chains might still 
be able to penetrate the denser PNIPAM network during the core removal process. 
The synthesis of microgels for a confocal microscopy study revealed that dye is 
inhomogeneously incorporated into PNIPAM-co-MAA microgels. The reason is not yet 
clarified. Maybe the dye could be dissolved in ethanol or the MAA monomer first to obtain a 
more homogeneous distribution in the reaction mixture. However, the fact that the 
inhomogeneous distribution occurs only when MAA is applied as co-monomer indicates that 
the pH has a mutual influence on the dye incorporation. Adjusting the pH of the reaction 
mixture before the polymerization is initiated might already make a difference in the dye 
distribution.   
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6. Appendix 
6.1. Doubly Temperature Responsive Particles – Variation of the Cross-Linker Density 
of the Inner PNIPAM Shell  
Doubly temperature responsive particles were prepared as already discussed in chapter 4.3. 
The particles of chapter 4.3 are included for comparison and are here denoted as CS-1 and 
CSS-1. The particles CS-2 to CS-4 differ from CS-1 in the cross-linker content and shell thickness 
of the inner PNIPAM shell. The concentrations of all synthesis steps are summarized in Table 
8. The preparation procedure was analogue to the particles CS-1 (compare 4.3). For further 
details compare bachelor thesis from Katja Nothdurft for CSS-1-CSS-4.  
Table 8: Summary of the concentration for each particle synthesis step. For the core-shell particles with two 
shells (CSS-1 – CSS-4) 200 mg of the corresponding core-shell sample with one shell (CS-1 - CS-4) were used 
as seed particles. In all CS synthesis PVP was applied as stabilizer, in the CSS synthesis SDS. 
 NIPAM NIPMAM BIS Stabilizer KPS Water 
CS-1 1075 mg - 79 mg 100 mg 10 mg 100 mL 
CSS-1 - 514 mg 22 mg 30 mg 10 mg 67 mL 
CS-2 1018 mg - 158 mg 100 mg 10 mg 100 mL 
CSS-2 - 514 mg 22 mg 30 mg 10 mg 67 mL 
CS-3 962 mg - 236 mg 100 mg 10 mg 100 mL 
CSS-3 - 514 mg 22 mg 30 mg 10 mg 67 mL 
CS-4 241 mg - 59 mg 100 mg 10 mg 100 mL 
CSS-4 - 214 mg 9 mg 12 mg 10 mg 67 mL 
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Figure 42: TEM images of the core-shell particles CS-1 – CS-4 and the corresponding particles after core 
dissolution (HS-1 – HS-4). The core-shell morphology of the particles due to the higher contrast of the silica 
core. The core-shell particles can be assumes as spherical, although they are dried and adsorbed on the 
surface of the grid during the measurements. It is also clearly visible that core removal was successful (HS-
1 – HS-4). The HS-1 – HS-3 particles can still be considered spherical. Even for the lowest amount of cross-
linker (5 %) in the shell of HS-1. However, the particles HS-4 are deformed to an unregularly shape. Note 
that these deformations occur for dried particles that are absorbed on a surface which does not represent 
the morphology of the microgels in solution. Nevertheless, the comparison of HS-3 and HS-4 (same cross-
linker content in the shell, varying shell thicknesses) reveals that the thickness of the shell influences the 
stability of the sphere like morphology in the dried state. 
 
  
Figure 43: Temperature dependent particle swelling for the core-shell particles with a single NIPAM shell. 
The swelling capacity of the microgel shell below the VPTT is increased with decreasing cross-linker content. 
Thus, CS-1 is swollen most at every temperature below the volume phase transition temperature of 32 °C. 
CS-4 is smaller than CS-1 – CS-3 which can be attributed to the lower amount of monomer that was used in 
the shell synthesis. (b) Temperature dependent particle swelling for the core-shell-shell (CSS) particles. The 
volume phase transition of PNIPAM at 32 °C is smeared and less pronounced. All particles have about the 
same size after the addition of the outer PNIPMAM shell. The transition of the outer PNIPMAM shell is 
clearly detectable at 42 °C. 
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Figure 44: Hydrodynamic radius with temperature of the single shell hollow spheres HS (a). The single shell 
hollow spheres show a distinct VPT at 32 °C. The swelling does not differ significantly from the CS behaviour. 
The swelling to the outside is thus not affected by the removal of the silica core. (b) shows the 
corresponding hollow spheres with two shells. 
 
  
10 15 20 25 30 35 40 45 50
125
150
175
200
225
250
275
300
325
 HS-1
 HS-2
 HS-3
 HS-4
R
h
[n
m
]
T[°C]
a b 
10 15 20 25 30 35 40 45 50
150
200
250
300
350
400
450
 HSS-1
 HSS-2
 HSS-3
 HSS-4
R
h
[n
m
]
T[°C]
Appendix 
92 
Table 9: Summary of particle sizes and cross-linker contents of the four silica-core PNIPAM-shell particle 
types. The cross-linker content increases from CS-1 (5 %) to CS-3 (18 %). CS-4 obtains the same cross-linker 
density as CS-3, but the shell has in the collapsed state half the diameter as the larger CS-3 particles.   
 
BIS  
[% (mol/mol)] 
Rh,20 °C 
[nm] 
Rh,50 °C 
[nm] 
dshell,50 °C 
[nm] 
CS-1 5 256 ± 3  143 ± 1 73  
CS-2 11 222 ± 1 145 ± 0 75 
CS-3 18 215 ± 1 157 ± 1 87 
CS-4 18 144 ± 1 112 ± 1 42 
 
  
  
Figure 45: Static light scattering measurements at 20 °C of the CS particles (a) and HS (b) and at 40 °C of the 
CS particles (c) and HS (d). 
1E-3 0.01
1E-5
1E-4
1E-3
0.01
0.1
1
10  CS-1 20°C
 CS-2 20°C
 CS-3 20°C
 CS-4 20°C
I(
q
) 
[a
.u
.]
q [1/Å]
1E-3 0.01
1E-4
1E-3
0.01
0.1
1
10
100
 HS-1 20°C
 HS-2 20°C
 HS-3 20°C
 HS-4 20°C
I(
q
) 
[a
.u
.]
q [1/Å]
1E-3 0.01
1E-4
1E-3
0.01
0.1
1
10
100
 CS-1 40°C
 CS-2 40°C
 CS-3 40°C
 CS-4 40°C
I(
q
) 
[a
.u
.]
q [1/Å]
1E-3 0.01
0.01
0.1
1
10
100
 HS-1 40°C
 HS-2 40°C
 HS-3 40°C
 HS-4 40°C
I(
q
) 
[a
.u
.]
q [1/Å]
a 
c 
b 
b 
d 
Appendix 
93 
  
  
 
 
Figure 46: Static light scattering measurements at 20 °C of the CSS particles (a) and HSS (b), at 40 °C of the 
CSS particles (c) and HSS (d) and 50 °C (CSS (e), HSS (f)). 
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6.2. Depolarized Light Scattering 
Depolarised Dynamic Light Scattering (DDLS) provides information on rotational and 
translational diffusion of anisotropic particles. For further information on the setup and details 
of the theory compare literature.[186-187] 
For a proof of concept DDLS was measured with gold rods. Via a double exponential fit of the 
correlation function a slow and a fast mode corresponding to the translational and rotational 
diffusion of the rods was extracted (compare Figure 47). 
 
Figure 47: DDLS measurements of gold rods. A double exponential fit of the correlation functions reveal a 
slow and a fast mode corresponding to the translational and rotational diffusion. 
Comparable experiments were performed for the particles of chapter 4.4, but even at high 
concentrations only very low scattering intensities were obtained in the DDLS configuration 
of the measurements. Contin Analysis revealed a multimodal distribution and thus no 
reasonable data analysis was possible. 
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6.3. SANS Data analysis 
General remarks:  
1. The routine can be used for hard spheres (silica, PS), fuzzy spheres (PNIPAM microgels) 
and core-shell particles (silica-PNIPAM) with one or two shells. However, the shell 
scattering length density (SLD) is fixed in the program to a calculated value for PNIPAM. 
The SLD´s for core and solvent can be adjusted. 
2. The routine/program itself also contains a scale factor for the resolution smearing 
because the calculated smearing from the instrument parameters estimates a too high 
smearing. This scale factor was evaluated to optimise the contribution of the 
instrumental smearing for the distinct measurements we performed at the KWS 2. 
However, this is an instrument parameter and thus the routine might not be 
completely compatible for all SANS measurements. The scale factor needs to be 
changed in the program and new compiling etc. has to be done. I don’t know how to 
do this, you have to discuss this eventually with Jan if it turns out the factor is a 
problem. 
3. Commands you have to type into the command window (cmd) are written in bold 
letters in the instruction below. 
4. The instruction explains the fitting for a simple example of silica spheres measured at 
the KWS 2 in Garching.  
5. Results from the fits are always saved in the same files (dat1.dat-dat4.dat (data points), 
fit1.dat-fit4.dat (fit curve), fresult.dat (PDDF), RHOCORE.dat, RHOSHELL.dat (density 
profile). You have to save copies from these files e.g. in a different folder, otherwise 
they will be overwritten with the next fit.  
6. Sometimes “Yes” or “No” is set as default, you can than also press return instead. 
7. CTRL+C ends the routine. 
Prior to fitting: 
- Copy the folder “SANS Fit Routine Kern-Schale Janine- JSP” on your hard drive. 
- Copy all of your original measurements files that you want to fit into this folder. 
- Prepare the “INPILL80.dat” file by inserting reasonable start values for your fit. 
- Adjust Janine.res file if necessary (see below). 
- Delete unreasonable points in each measurement file. It might help to decide this after 
doing the PDDF fit.  
- Prepare *.LIS files for each measurement. Insert all detector distances and scale factors 
(obtained from the glat_ill program, see instruction below). 
 
PDDF calculation and optimisation of the file overlap 
 
The measurement files of the measurements at different detector distances often do not 
overlap perfectly. The glat_ill.exe program allows to optimise the overlap and calculate scaling 
factors that can be used for further fittings. The so-evaluated scaling factors can be introduced 
into the *.lis files (second row). Thus the file overlap is optimised for the form factor model 
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fits. If the depth of the minima does not correspond to the measurement in this fit, this might 
be due to the estimation of the instrumental smearing (see above). 
 
1. Open “cmd” via double click 
2. glat_ill opens the fit program. Now you only have to follow in the instructions of the 
program in the cmd window.  
3. y  
4. Silika.lis (example: measurement of silica particles in ethanol) 
5. 3 
6. 2 
7. 3 
8. Y 
9. return 
10. return 
11. return 
12. 5 
13. return 
14. return 
15. 180 
16. Put in a reasonable value for the particle size in Å. (1500 in the silica example) 
17. return 
18. 0.0001 
19. 1 
20. 2 
21. 1e0 
22. 1e20 
23. 21 
24. Look were the sign changes from plus to minus. Than use this exponent for the further 
fitting. (e.g. 1e10) 
25. 1 
26. 1e9 
27. M (only Montecarlo gives reasonable errors in this step) 
28. Y 
29. return 
30. return 
31. y (if you think you have a reasonable fit) 
32. O (now you can plot the fit and PDDF in gnuplot) 
33. If you chose N when you are asked for a new fit you can do the optimization for the 
file overlap. 
34. Optimization for the data overlap: 
35. OPT 
36. 1 (you scale on file number 2, which is the 8m measurement. Thus, 1 and 3 have to be 
optimised) 
37. 1e9 
38. 1. If a scaling is necessary a value that differs from 1 will be calculated. You can do 
39. SCA now. Also put in this value in the second row of the *.LIS file.  
40. You can repeat the optimization for all files that need optimization. 
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Fitting fun: 
1. Open “cmd” via double click 
2. Lsq_ill opens the fit program. Now you only have to follow in the instructions of the 
program in the cmd window.  
3. y  
4. Silika.lis (example: measurement of silica particles in ethanol) 
5. 3 
6. 0 (background subtraction will be performed in the next step) 
7. 0.95 (depends on the actual data, just try what is reasonable in your case) 
8. 2 (log) 
9. 3 (log) 
10. Y 
11. Y (the resolution file is valid for the KWS 2 and has to be changed if data from other 
devices shall be fitted)   
12. 5 
13. 80 (this is the core-shell model. Shells can be switched off to obtain microgel or hard 
sphere model. The other models listed here probably don’t work) 
14. Change parameters to the desired values. Also consider the explanations for the “Fit 
parameters” and “a.dat” below. 
15. Type in min and max q values for the fit 
16. If you want to store the result press S. The data are then stored in “result.dat”. Only 
store reasonable results. Otherwise pressreturnto continue. 
17. Press O if you want to have a look at the fit. The data and fit is than saved in DAT1 
(2m), DAT2 (8m), DAT 3 (20m) for the data including the background subtraction. FIT1, 
FIT2 and FIT3 contain the fits corresponding to the DAT files. 
18. ENTER (y is set default) 
19. ENTER (y is set default) 
20. To image the fit open WGNUOL32.exe. Load ‘pfit3.dat’ 
21. Back to cmd window: generate new fit until you have a reasonable first fit. 
22. Say N to new fit to do a grid search. 
23. Follow instructions for grid search. In the silica example chose 4 parameters (1-4) and 
e.g. 25 cycles 
24. The silica particle fit should yield a radius of 68 nm and 19% polydispersity as optimum 
fit. Chi² is about 95. 
 
GNUPLOT commands: 
 
- Load ‘pfit3.dat’: plot scattering curve and fit 
- Load ‘rho_plot.dat’: plot density profile.  
- Load ‘Psans.dat’: plot scattering curve and fit from glat_ill 
- Load ‘PR_PLOT’: plot PDDF from glat_ill 
 
*.lis files: 
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Measurement file name of the measurement 
at 2.5 m detector distance; scaling factor 1.01 
for optimisation of file overlap with 8 m 
measurement. 
 
 
 
 
 
 
 
Measurement file: 8 m detector distance 
Scaling Factor: 1; other files are scaled to 
the 8 m measurement  
 
 
 
 
 
Measurement file: 20 m detector distance 
Scaling factor 0.986; 
 
 
 
 
 
Dat1 
(2 m, 
5 Å) 
 
 
 
 
 
Dat2 
(8 m,  
5 Å) 
 
 
 
 
 
Dat3 
(20 m,  
5 Å) 
 
 
 
 
 
Dat4 
(20 m,  
18 Å) 
 
 
 
 
 
 
Radius of first pinhole in cm 
Radius of second pinhole in cm 
Collimation length in cm 
Sample - detector distance in cm 
Neutron wavelength in Å 
Wavelength spread (FHWM) 
Spatial detector resolution in cm 
 
 
 
 
 
 
Not 
used 
 
 
 
 
 
The *.lis files contain the information of all measurement files for one sample at varying 
instrumental settings. The third row can be used to subtract a constant value (background). 
The file can be extended if a fourth setup is used (e.g different wavelength.) The positions 
correlate with the columns in the file for the calculation of the instrument resolution. The 
figure shows a screenshot of the *.Lis of the silica measurement as an example. 
 
 
 
JANINE.res 
 
Contains the information on the setup of the instrument and calculates the resolution 
smearing from this matrix. Each column stands for one setup.  
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Calculation of the density profile:  
After a fit was saved the density profile can be calculated using the rho_vol.exe program. After 
the program was executed (via double-click), the density profile can be plotted in Gnuplot. 
The density profile is saved in RHOSHELL.dat and RHOCORE.dat 
Description of the fit parameters: 
The model bases on a model previously developed by Berndt, Richtering and Pedersen as 
described in chapter 4.3.[53] Compare reference and chapter 4.3 for a more detailed 
description of the model parameters. 
Table 10: Brief description of the fit parameters.  
C_WT% Sample concentration 
RAD_CORE Core radius [Å] 
SIG_REL Polydispersity 
Background Measurement background 
S_CORE Width of the interface of the core [Å]. Set to 1 Å for homogeneous 
spheres (block profile)   
SCA_LOR Scale of Lorentzian (set to 0 for silica) 
Xi_LOR Corresponds to mesh size of your particles. For more details on the 
Lorentzian function parameters compare[28]  
ETA_HS, R_HS Structure factor parameters. Remnants from former routines not 
used in this routine (set to 0). 
F_VOL2 Volume fraction of outer shell. Set to zero if no shell shall be included. 
S_FIL1  Scaling Factor. Not used. Set to 1 
W_SHELL2 Width of shell 2 [Å] 
S_SHELL2 Width of the interface of the shell 2 [Å] 
SDENS_SOLV Scattering length density of the solvent 
SC_XDENS_Core Scaling Factor. Not used. Set to 1 
SC_SIG_REL Scaling Factor that describes a difference in the polydispersity of core 
and shell. Usually 1. 
XDENS_CORE Scattering length density of the core 
W_SHELL Width of shell 1 [Å] 
S_SHELL Width of the interface of the shell 1 [Å] 
F_VOL_SHELL Volume fraction of inner shell. Set to zero if no shell shall be included. 
S_FIL4 Scaling Factor. Not used. Set to 1 
M_CORE Mass of core. Probably no reasonable value. Ignore (Remnants from 
former routines) 
M_SHELL Mass of shell. Probably no reasonable value. Ignore (Remnants from 
former routines) 
SC_DIM Fraction of particles that are present as dimers. Usually set to 0.  
D_DIM Distance between centres of dimers. 
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6.4.  List of Abbreviations 
°C  centigrade 
Å angstrom unit 
AAC acrylic acid 
BIS N,N´-methylenbisacrylamide 
c concentration 
CS core-shell 
D diffusion coefficient 
DLS  dynamic light scattering 
DDLS depolarized dynamic light scattering 
DMF dimethylformamide 
EDX electron dispersive x-ray spectroscopy 
HF hydrofluoric acid 
HS hollow sphere 
KPS potassiumperoxodisulfate 
MG microgel 
MPS methacryloxypropyltrimethoxysilane 
MRB methacryloxyethyl thiocarbomyl rhodamine B 
NIPAM N-isopropylacrylamide 
NIPMAM N-isopropylmethacrylamide 
nm nanometer 
NMR nuclear magnetic resonance spectroscopy 
PD polydispersity 
PDDF pair distance distributionfunction 
PDMS polydimethylsiloxane 
PMMA polymethylmethacrylate 
PS polystyrene 
r radius 
SANS small angle neutron scattering 
SDS sodiumdodecylsulfate 
SLD scattering length density 
SLS static light scattering 
TEM transmission electron microscopy 
TEOS tetraethylorthosilicate 
VPTT volume phase transition temperature 
ZAC point of zero average contrast 
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6.5. Sample and Lab Book Codes 
Table 11: Lab book codes of the samples 
Chapter Thesis code Lab book code 
1. General Introduction Microgel JD-51 
4.1. Reduced UV Light Scattering in 
PDMS Microfluidic devices 
Silica NP JD-42 
4.2. How hollow are 
thermoresponsive, hollow nanogels? 
CS-1/PP-1 
CS-2/PP-2 
CS-3/PP-3 
JD-MKBT063 
JD-MKBT064 
JD-MKBT040 
 4.3. Core-shell-shell and hollow 
double-shell microgels with 
advanced temperature responsive-
ness 
CS 
CSS 
JD-MKBT037CS 
JD-MKBT037CS-KN02 
4.4. Polystyrene/PNIPAM Core-Shell 
Particles and the Influence of the 
Core Dissolution on the Particle 
Structure 
D-CS/D-HS 
H-CS/H-HS 
H-CS2/H-HS2 
JD-103 
JD-CvE-4 
JD-50 
4.5. Development of a Model System 
for the Investigation of Hetero-
geneous Crystallization of Soft 
Particles Near Flat and curved Walls 
MG-1 
MG-2 
MG-3 
JD-45 
JD-70 
JD-63 
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